(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
Internationa] Buieau 

(43) International Publication Date 
10 July 2003 (10.07.2003) 




PCT 



lillllililllllllllliillilllili^^^^^ 

(10) International Publication Number 

WO 03/056392 Al 



(51) latematiooal Patent Classification^: G03F7/20, 
GOIM 11/02 

(21) IntematioaalAppncation Number: PCT/IB02/01485 

(22) International Filing Date: 3 May 2002 (03.05.2002) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) PrioHtyData: 

01205085.2 24 December 2001 (24.12.2001) EP 

(71) Applicant (for all designated States except US): KONIN- 
KLIJKE PHILIPS ELECTRONICS N.V. [NUNL]; 
Grocncwoudscweg 1, NL-5621 BA Eindhoven (NL). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): DIRKSEN, Peter 
[NUNL]; Prof. Holstlaan 6, NL-5656 AA Eindhoven 



(NL). JUFFERMANS, Casparus, A., H. [NL/NL]; Prof. 
Holstlaan 6, NL-5656 AA Eindhoven (NL). JANSSEN, 
Augustus, X, £., m [NL/NL]; Prof. Holsdaan 6, NL<5656 
AA Eindhoven (Nl.). 

(74) Agent: COBBEN, Louis, M., H.; Intemationaal Oc- 
trooiburcau B.V., Prof. Holstlaan 6, NL-5656 AA 
Eindhoven (NL). 

(81) Designated States (national): JP, KR, US. 

(84) Designated States (regional): European patent (AT, BE, 
CH, CY, DE, DK. ES. FI. FR, GB, GR. IE, IT, LU, MC, 
NL. FT, SE. TR). 

Published: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearit^ at the begin- 
ning of each regular issue of the PCT Gazette, 



(54) Title: DEl-fiRMINING THE ABERRAHONS OF AN IMAGING SYSTEM 



m 
O 




7^ -9^ 




(57) Abstract: For determining aberrations of an 
optical imaging system (PL), a test object (12,14) 
comprising at least one delta test feature (10) is 
imaged either on an aerial scanning detector (110) 
or in a resist layer (71), which layer is scanned 
by a scanning device, for example a SEM. A new 
analytical method is used to retrieve from the 
data stream generated by the aerial detector or the 
scanning device different Zemike coefficients (Zn). 
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DETERMINING THE ABERRAHONS OF AN IMAGING SYSTEM 



The invention relates to a method of detennining the aberration of an optical 
imaging system, which meifaod comprises the steps of: 

arranging a test object in the object plane of the imaging system; 

forming a number of test obj ect images by means of the imaging system and 
5 an imaging beam, each test object image being formed with another focus state of the 
imaging system; 

detecting the test object image by means of a detection device having 
resolution larger than that of the imaging system, and 

analyzing an output signal of the detection device to determine values of 
1 0 different aberration terms of the aberration. 

The invention also relates to a system for performing the method, to a test 
object for use with the method, to a lithographic projection ^paratus and to a method for 
manu&cturing devices. 

15 

The resolution of an imaging system is understo od to mean tiie ability of the 
system to reproduce object features, such as lines and points, as separate entities in tiie image. 
The higher the resolution of the system the smaller the resolvable distance between object 
features may be. 

20 The optical jmaging system may comprise refractive elements, reflective 

elements or a combination of both. An optical imaging system in the form of a projection 
system, having a large number of lenses or mirrors, is used in photo lithographic proj ection 
apparatuses, vMdh are known as wafer stoppers or wafer step-and-scanners. Such 
apparatuses are used, mter alia, for manufecturing integrated circuits, or IC's. In a photo 

25 lithographic projection apparatus a production mask pattern, present in a production mask is 
imaged a large number of times, each time on a different area, also called IC area, shot area 
or die, in a resist layer on top of the substrate. Imaging is performed by means of the 
projection system and a projection beam having a wavelength, for example 365 mn, in the 
UV range, or a wavelengtii, for example 248 nm, 193 nm or 157 nm, in the deep UV range.. 
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The aim in IC manufacturing technology is to integrate an ever-increasing 
number of electronic components in an IC. To realize this, it is desirable to increase the 
surfece area of an IC and to decrease the size of the components. For the projection system 
this means that botii the image field and the resolution must be increased, so that increasingly 
smaller details, or line widths, can be imaged m a well-defined way in an increasmgly larger 
image field. For this purpose a projection system is needed that complies very stringent 
quality requirements. Despite the great care witii which such a projection system has been 
designed and the great accuracy with which the system is manufectured, such a system may 
still exhibit aberrations such as spherical aberration, coma and astigmatism, which are 
admissible for the envisaged application. In practice, a lithographic projection system is tiius 
not an ideal system, but suffers fiom abermtions. Said aberrations are dependent on positions 
in the image field and are unportant sources of variations in the imaged line widths occurring 
across the image field. When specific techniques are used to enhance the resolution of a 
lithographic projection apparatus, such as tiie use of phase shifting masks, as described in, for 
example US-A 5^17,831, or v/hen applying ofiF-axis illumination as described in, for 
example US-A 5,367,704, the influence of the aberrations on the imaged line widths 
increases. 

Moreover, in modem lithogr^hic projection systems aberrations are not 
constant To minimize low-order aberrations, such as distortion, field curvature, astigmatism, 
coma and spherical ablation, these systems comprise one or more controlled movable lens- 
or mirror- components. The wavelength of the projection beam or the height of tiie mask 
table may be adjustable for the same purpose. If these adjusting fedlities are used, other and 
smaller, higjier order, aberrations may be mtioduced. Moreover, smce the intensity of Ihe 
projection beam must be as laige as possible, Htiiogra5)hic projection syst^ 
aging so that the extent of tiie aberrations may change with respect to time. 

Based on the considerations described above, there is an increashig need for a 
reliable and accurate mefliod of measuring abOTadons. In tiie case of a modem lithographic 
projection system, which allows corrections to be made on the production site, the results of 
such a measuring can be used to correct the projection lens for such aberrations. 

The paper "Aberration Analysis using Reconstructed Aerial Images of Isolated 
Contacts on Attenuated Phase Shift Masks" by Franz Zach et al m Proceedings of Spie, 
VoL4346, Optical microUtiiography XIV (2001), pages 1362-1368, disclose a metiiod as 
described herein above m the opening paragraph. According to the metiiod of this paper, 
isolated contact holes of different dimensions ia a phase shift mask are imaged in a ^ 
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layer. A double exposure technique is used to reconstruct images: a single exposure of a 
contact hole is superimposed onto a uniform background exposure. In the experiment twenty 
resist images were used, each with a slightly higher background illumination dose than the 
previous one up to the so-called Dose to Clear. The background illumination is the result of 
5 the transmission characteristic of the attenuated phase shift mask. The resulting resist images 
are captured by a scannmg electron microscope (SEM) with digital image acquisition and 
storage capabilities. These images are then analyzed oflF-line. Suitable threshold algorithms 
implemoated on a general-purpose data analysis software package are applied to the stored 
images to obtain intensity contour lines of the set of images. From these values Zemike terms 
10 are deduced, v**ich terms represent flie type and amount of aberration terms in the observed 
image and thus those of the projection system. 

In the known method, the measurement concentrates on the central region of 
the image of a contact hole, especially on the iBrst side lobe of the contact-hole image. The 
image intensity of a ring at the location of the first side lobe is extracted from the image and 
1 5 analyzed for its Fourier components. Absolute calibration of the resulting Fourier terms is 
done by referencing them to the known transmission of the attenuated portion of the reticle. It 
is suggested that higher and lower Zemike terms can be separated by a 'through focus" 
measurement The latter means that a number of images are made of the same object (contact 
hole) at different focus conditions. As only the central portion of an image area is observed, 
the through focus range is small and aberrations effecting intensities to ^pear at larger 
distances firom the center can not be observed Moreover as explicitly stated in the paper the 
known method is not suitable for measuring rotationally symmetric aberrations like spherical 
abecratiorL 

It is an olject of fte present invention to provide an aberration measuring 
method, which allows measuring also the atbenations excluded from the known method This 
method is diaracterized in that 

flie step of arranging flie test object comprises including at least one test object 
feature having a size small compared to the resolution of the imaging system; 

the step of detecting the test object image comprises detecting for all images of 
a test object feature the mtensity profile across the whole image plane area associated with 
this test object feature, which image plane area is substantially larger than the first ring of the 
Airy distribution of the image of the test object feature, and 
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the step of analyzing comprises solving at least one set of equations including 
radial parts of point spread functions, which result from the different aberration terms, to 
retrieve these aberration terms 

The new method uses the most simple and elementary test pattern that exists, 
for example an isolated transparent hole in a dark field binary mask. For a sufficient small 
hole diameter, small compared to the resolution of the imaging system, the image of the hole 
will approxhnate flie point spread function of the ixnagimng system. E3q)osmg flie mask 
through focus means that the intensity of the point spread function is measured in three 
dimensions. The point-spread function fully diaracterizes the imaging system and contains 
information about both the low and high order aberrations. 

The mefliod uses a novel analysis algorithm, a key feature of which is a novel 
fimction, which encompasses the assembly of radial parts of the point-spread functions 
associated with aberration terms and which provides the said set of equations. Whether one 
or two sets of equations have to be solved depends on the magnitude of the aberration and on 
the imaging conditions like the size of the test feature and the numerical aperture of the 
imaging system. When the aberration is small and the test feature has a small size, only one 
set of equations is to be solved When the size of the test feature and the numerical aperture 
are larger and additional set of equations has to be solved. 

The test object feature may be a delta test feature. Such a feature is understood 
to mean a feature, which, upon illumination with a beam of electromagnetic radiation (a light 
beam), creates an electromagnetic fidd whose electrical field vector as a function of position 
shows a shaip peak. For example a v^ small opening in a non-transparent layer constitutes 
such an obj ecL Ideal for the measuraneat as such would be an mfinitely smaU openmg, but 
because flie opening should transmit sufficient Ugjht to form a detectable image the opening 
should have a minimum size. In practice, an opemng with a size substantially smaller than 
corresponding with the resolution of flie imagmg system is used. This size, i.e. the diameter 
of around opening, is, for example, smaller than Ay(2 NA), for example Ay(3NA), wherein X 
is the wavelengfli of the imagmg beam and NA is the numerical aperture of the imaging 
system. For example, for X = 193 nm en NA = 0,6 the diameter of the opening is of the order 
of iOOnm. 

According to the new method the whole data volume resulting from the 
through focus measurement, i.e. the image intensities as a function of the polar coordinates r 
and e and focus z, i.e. I(r, 9, z), is taken in and analyzed to derive the Zemike terms of the 
imaging apparatus aberrations. In the cited paper it is remarked that a drawback of the 
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method described there is that the data volume to be processed is fairly large due to the large 
number of SEM images at different background doses and different focus conditions. In the 
method of flie invention large data volume is no problem because use can be made of a new 
analytical algorithm for calculating aberrations from measured intensities, which algorithm 
has been developed by the inventois. 

Furthermore^ according to the new method for each image the intensity across 
the whole image area where radiation from the imaged opening may arrive is measured, thus 
also at a relative large distance fix)m the center of the image, i.e. for a large r-value. This 
allows measurement of higher order Zemike temis, which produce radiation (hereinafter: 
higher older radiation) at larger distances from the image center. The unwanted radiation 
produced by higher order aberrations, are of similar nature as stray radiation, so that also tiie 
latter radiation is covered by the term: higher order radiation. The new method allows 
scanning through a larger focus range. For example, the focus range may extend from -1 pm 
to +1 pm out of focus, which is fairly large for a lithogmphic projection apparatus using a 
projection beam witii a wavelengtii of 193 mn. 

Higher order radiation may be deflected over a distance up to lOOjunat 
substrate level. Higher order radiation is caused, for example, by imperfection of lens- or 
mirror- coatings, inq)erfections of lens materials and unwanted reflections at the reticle or 
wafer (substrate). Altiioug^ in current apparatuses higiher order radiation may amount to 
several percent^ it is likely that it will considerably increase m near future ^paratuses, due to 
smaller wavelengifas used therem* Especially qiparatuses using proj ection radiation with a 
wavelength of 157 nm or EUV radiation most probably will show an increased amount of 
higher order radiatioiu Unfortunately, higiher order radiation is not constant it is different for 
projection systems of tiie same design, it varies over the image field of a projection system 
and is dependent on the illumination conditions. Moreover, due to contamination and 
d^cadation of lenses and/or murors, higher order radiation varies with time. Thus measuring 
and modelmg of higiher order radiation is hi^y desirable for a user of a projection apparatus. 
The presCTt invention allows accurate mapping of fine higher order radiation distribution by 
illuminating a small test feature, for example a delta test feature having a diameter of the 
order of that of the central ring of the Any distribution, thus using the point spread fimction 
of the imaging system. 

Accordmg to an important aspect of tiie invention, tiie mefliod is characterized 
in that the step of forming a test object image comprises imaging a matrix of test object 
features arranged at a mutual distance substantiaUy larger than the size of the test feature and 
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in that the succeedmg steps are carried out for all test features simultaneously. 

The use of a matnx of test object features provides additional advantages as 
will be explained hereinafter. By arranging the test object features at a mutual distance 
substantially larger than the size of the features cross talk between the several images, i.e. 
overly in the image plane of the images of the several features, is prevented. 

With respect to the image formation and detection. Hie method can be 
performed according to two main embodiments. The first main embodiment is characterized 
in that the step of formmg a test object image comprises forming a test object image in a 
resist layer, m that this layer is developed and in that the developed unage is detected by a 
scanning detection device. 

The detection device may be a convratiojoal scanning electron microscope, but 
also a newer type of scanning detection devices, like a scanning probe microscope, which is 
available in several implementations such as the atomic force microscope and the optical 
probe microscope, may be used. If use is made of a matrix of test object features, higher 
order radiation at dififerent positions within the image field can be measured by means of a 
single exposure. 

This embodiment is preferably further characterized by the additional step of 
imaging a reference feature for each test object feature in the resist layer before developing 
the resist layer. 

By double exposure of the resist layer, one via the test object feature, for 
example a delta test feature, and the other via the reference feature, each test object feature 
image will be provided with a position reference for the intensity distribution scanning 
action, so diat it will be clear ^ch of the measured intensities belongs to which (r,6) 
position. 

A first sub-embodiment of flie first main embodiment is characterized in that 
the additional step comprises forming a point-shaped ref^ence feature in flie center of the 
image field of each test object feature. 

This reference feature, at the position r = 0 in the image field of test object 
feature, may be formed 1^ e3q)osing the resist layer via a drcular opening and its position is 
determined by the axis of the imaging system. 

A second sub-embodiment is characterized in that the additional step 
comprises forming a circle-shaped reference feature at the rim of yje unage field of each test 
object feature. 
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A third sub-embodiment is characterized in that the additional step comprises 
forming pairs of opposite line-shaped reference features in the image field of each test object 
feature. 

The second main embodiment of the method is characterized in that the step of 
forming a test object image comprises forming an aerial image on a radiation-sensitive 
detector. 

The higher order radiation is now directly measured, without a resist as 
intermediate medium so lhat the measurement is not influenced by the characteristics of a 
resist layer. 

This main embodiment of &e method, if performed with a matrix of test obj ect 
features, may be fiirther characterized in that the step of forming atest object image 
cocopises simultaneously forming an aerial image of each test object feature on a separate 
detector area. 

This embodiment allows increasing the signal-to-noise ration of the detector 
signals, or determining aberrations without scanning, or through-focus measuring without 
movement of the detector and the imaging system relative to each other. 

The method may be used, inter alia, for detecting aberrations of a projection 
system in a lithographic projection apparatus suitable for projecting a mask pattem, present in 
a production mask, on a production substrate provided with a resist layer. The embodiment 
fortfaisappUcationisdiaracterizedinthatan[iaskhaviQgatle^ . 
arranged at the position of the production mask in Hie proj ection apparatus and in that either a 
resist layer or a radiation-sensitive detection device is arranged at the position of the 
production substrate. 

A production substrate is understood to means a substrate on and in which a 
device like an integrated circuit, is to be formed. Such a substrate is also called a wafer. A 
production mask is undostood to mean a mask provided with a pattem of device features, for 
example an IC pattern, that is to be transferred to the production substrate. 

This embodiment may be fiirther characterized in tfiat use is xnade of a tes^ 
object, which forms part of a test mask. 

A dedicated test mask does not comprise a production pattem of features, for 
example an IC pattern, that is to be transferred to a production substmte, but only a test object 
and possibly features which may be helpfiil for performing the measurement 

Alternatively tiie embodiment may be characterized in that use is made of a 
test object, which forms part of a production mask. 
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A test object according to the inventioii can be arranged in a production mask 
outside the area of the pattern of device features. Such a production mask allows to inoease 
the throughput, i.6. the number of substrates tiiat can be processed per unit of time, of the 
projection apparatus, because loading and unloading of a test mask is no longer necessary. 

The invention further relates to a system for performing the method described 
herein above. This system is constituted by the combination o£ 

an apparatus of which die imagmg system forms part; 

a test object having at least one test object feature; 

detection means for d^ecting the intensity distribution in the image field of 
said at least one test object feature; 

an image processor, coiq)led to tfie detection means, for analyzing said 
intensity distribution. This system is characterized in that the image processor comprises 
analysis means for processing information about said distribution, which is determined by the 
point spread function of the imaging system, to determine different types of aberrations the 
imaging system may show. 

This system may be further characterized in that the detection means 
comprises a resist layer for receiving an image of the at least one test object feature and a 
scanning detection device for scanning the test object feature image formed and developed in 
the resist layer. 

The system may alternatively be dbaractmzed in that the detection means 
comprises a radiation-s^isitive detector for receiving an aerial image of the at least one test 
object feature. 

The aoial iniage detector inay be a scanning point detector, whic^ 
any time during tiie scannmg action only a small portion of a test feature unage area 

Preferably^ Ae test obj ect conoqprises a number of test obj ect features and the 
aerial detector is a scanning conoposed detector con^xrising a radiation-sensitive member and 
a number of transparent point-Iike ateas> correspondhig to fte number of test features m the 
test object Witili such a detector the image fields of all test object features are scanned 
simultaneously. 

If the radiation-sensitive member is a single element covering all transparent 
areas, the signal-to-noise ratio of the signal is substantially increased, because radiation from 
all transparent areas is integrated 

The radiation-sensitive member may also be composed of a number of sub- 
members, i;^ch number corresponds to the number of transparent areas. 
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If the position of a transparent area relative to the center of the correspondmg 
sub-member is diJBferent for the several transparent area/sub-member pan:, the vAolo image 
field of a test feature can be measured without scanning the detector across the field. 

If the several transparent areas are arranged at different distances from the 
imaging system, scanning through focus can be realized without moving the detector and the 
imaging system relative to each other along the optical axis of the imaging system. 

The invention also relates to a lithographic projection apparatus for imaging a 
production mask pattern, present in a mask, on a substrate, vMch ^paratus comprises an 
illumination unit for sq)plying a projection beam, a mask holder for accommodating a mask 
and a substrate holder for accommodating the substrate, which apparatus is suitable for 
p^ntdng the niethod as described herem above. This apparatus is characterized in the 
im a ging system is constituted by a projection system arranged between the mask holder and 
the substrate holder, in that during performing the method the projection beam is used as 
imaging beam and in tiiat tiie illumination unit comprises means for reducing, during 
performance of the method, the diameter of the projection beam cross-section to a value 
smaller than the cross-section diameter the projection beam has during projection of the 
production mask pattern. 

Said means for reducmg allow adaptation of the cross-section of the iinflging 
beam to the si23e of the test object feature so that a signal with improved signal to noise ration 
is obtained 

A fiirtfaer ad^qvtation to the method of the invmtion is realized in a lithogr^hic 
projection apparatus, is characterized m that it comprises an aerial image detecting 
radiation-sensitive detector as described herem befiire for the system for performing the 
method. 

Such a detector can be arranged on the substrate stage of the apparatus. 

Alternatively the method as described herefai above can be performed with a 
dedicated measuring device, wMdi can easily be put in and removed &om the lithographic 
projection apparatus. This measurnig device is characterized m that it has the shape and 
dimensions of a production substrate and comprises electronic signal processing means, 
power siq)ply means, interfece means and at least one detector for detecting intensity profiles 
in images of test object features. 

The detector of this measuring device may be constructed as described herein 

above. 
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Furthermore the invention relates to a test object for use with the method as 
described herein above* This test object has one or more of the characteristic features of the 
above mentioned embodiments of Ihe method relating to tiie test object 

If this test obj ect is implemented as a test mask \^erein an outer area, which 
S forms a portion of the mask surface surrounds each test object feature, it may be further 
characterized in tliat each outer area is provided with a recognition mark. Then the scanning 
device can easily find the image of a test obj ect feature. 

Hie test object may be further characterized in that for each test object feature 
navigation marks are arranged in an intmnediate area between the test object feature and the 
10 outer area. 

In addition, the test object may be characterized in tiiat for each test object 
feature further marks comprising information about the test object feature and/or its position 
on the mask sur&ce are arranged in the outer area of the test object feature. 

With respect to its optical character, the test obj ect may show different 

IS ^bodiments. 

A first embodiment is characterized in that the test obj ect has an amplitude 

structure. 

A second ^bodiment is characterized in that the test obj ect has a phase 

structure. 

20 Botii embodimmts may be realized as a transmission test object or areflective 

test object 

An important aspect of the invration relates to the retrieval method for 
retrieving different aberrations terms of the aberration of an optical imagmg system &om a 
data stream representing intensity distribution in an image formed of a test object by means 
25 of the imaging system. This method is characterized by the steps of: 

transfonniiig the observed intensity distribution hai^ 
rectangular coordinates into an intensity distribution as a function of polar coordinates and 
focus condition I(r,(|>,f); 

determining the Fourier expansion ^(r,f) of the observed image intensity; 
30 - determining in the (r,f) space the inner product of the Fourier expansion ^(r,f) 

and the aberration phase O, and 

solving at least one set of linear equations, v^ch are the result of the 
preceding Steps and include radial parts of point-spread functions, which result from the 
different aberration terms, to retrieve these terms. 
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The invention is also implemented in a computer program comprising 
software for peiforming this retrieval method 

Finally the invention relates to a process of manu&cturing devices comprising device 
features in at least one substrate layer of device substrates, which process comprises at least 
5 one set of the following successive steps: 

providing a production mask pattern comprising features corresponding to 
device features to be configured in said layer; 

imaging, by means of a controlled projection system, the production mask 
pattern in a resist layer coated on the substrate and developing this layer thereby forming a 
1 0 patterned coating corresponding to tiie production mask pattern; 

removing material firom, or adding material to, areas of the substrate layer, 
\i^ch areas are delineated by the pattem of the patterned coating, 
whereby controlling of the projection system comprises detection of aberrations of the 
projection system and re-setting of elements of this system dependent on the resxilt of the 
IS detection. This process is characterized in that the detection is performed by means of the 
method as desoibed herein above* 

These and other aspects of the invention are apparent &om and will be 
20 elucidated, by way of non-limitative example with reference to the embodiments described 
hereinafter. 



Lithe drawings: 

Fig.1 shows diagrammatically an embodiment of a photolithography 



prqj ection apparatus with which the mediod can be performed; 



25 



Fig.2 shows an intensity distribution produced by an imaging system; 

Fig.3 shows a block diagram ofa system for performing the niefliod; 

Fig.4 shows a first embodiment of a deha test feature and the intensity thereof 



as produced by a perfect hnaging system; 



30 



Fig.S shows a second embodimmt of the delta test feature; 
Fig.6 shows a third embodiment of the delta test feature; 
Fig.7 shows a fourth embodiment of the delta test feature; 
Fig.8 shows a fifth embodiment of the delta test feature; 
Fig.9 shows a sixth embodiment of the delta test feature; 
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Figs.lOa and 10b show a SEM picture of a delta test feature and the intensityr 
distribution produced thereby, respectively; 

Fig.ll shows a wafer resist layer with a nuniber of delta test feature images 
distributed across its surface; 
5 Figs. 12a, 12b and 12c shows different embodiments of a reference mark to be 

used for each delta test feature; 

Fig.l3 shows a test object with a single delta test feature and an aerial detector 
for scanning the intensity distribution produced by tliis feature; 

Fig. 1 4 shows a test object with a number of delta test features and a first 
1 0 embodiment of a composed aerial detector for use with this test obj ect; 

Fig. 15 shows a second embodiment of the composed aerial detector; 

Fig. 1 6 shows a perspective view of a third embodiment of the composed aerial 

detector; 

Fig. 17 shows a cross-section of one row of detector elements of this detector; 
15 Fig. 1 8 shows an embodiment of an optical measuring wafer; 

Fig.l9 shows the variation of an astigmatic aberration as a function of radial 
position and defocus; 

Fig^O shows a small part of a test mask provided with a delta test feature and 
reference marics, and 

20 Fig.21 shows an embodimoat of a lithographic projection qyparatus with a 

mirror projection system. 

Fig.l shows diagrammatically only the most important optical elements of an 
25 embodiment of a litiiographic apparatus for rq>etitively imaging a mask pattmi on a 

substrate. This ^yparatus comprises a projection column accommodating a projection Ims 
system PL. Arranged above Hm sy^Xem is a mask holder MH for accommodating a mask MA 
in the mask pattOTi C, for exainpl^ an IC pattern to be imaged is p^ 
holder is presoit in a mask table MT. A substrate table WT is arranged under the proj ection 
30 lens system PL in the projection column. This substrate table supports the substrate holder 
WH for accommodating a substrate W, for example, a semiconductor substrate, also referred 
to as wafer. This substrate is provided with a radiation-sensitive, or resist, layer PR on which 
the mask pattem must be imaged a number of times, each time in a different IC area Wd. The 
substrate table is movable in tiie X and Y directions as indicated in the Figure so that, after 
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imaging the mask pattern on an IC area, a subsequent IC area can be positioned under the 
maskpattem. 

The apparatus fiiriher comprises an illumination system, which is provided 
with a radiation source LA, for example, a krypton-fluoride excimer laser or a mercury lamp, 
S a lens system LS, a reflector RE and a condenser lens CO. The projection beam PB supplied 
by the illumination system illuminates the mask pattern C. This pattern is imaged by the 
projection lens system PL on an IC area of &e substrate W. The illumination system may be 
implemented as described in EP-A 0 658 810. The projection system has, for example, a 
magnification M = Vi, a numerical SQierture NA = 0.6 and a diffraction-limited image field 

10 with a diameter of 22 mm. 

The apparatus is further provided with a plurality of measuring systems. One 
of these systems is an alignment detection system for measuring alignment of the mask MA 
and Ae substrate W with respect to each other in the XY plane. Another measuring system is 
an interferometer system for determining the X and Y positions and the orientation of the 

IS substrate holder and hence of the substrate. Also present is a focus error detection system. 
This system determines a deviation between the focal or image plane of the projection lens 
system PL and the surfece of the resist layer PR.. The measuring systems form parts of servo 
Sfystems, i^ch comprise electronic signal processing and control circuits and drivers, or 
actuators. By means of these circuits and drivers the position and orientation of the substrate 

20 and &e focusing can be collected with reference to fte signals siqyplied by the measuring 
S3f5tems. 

The alignment system uses two alignment marks Ml andM2in1faemaskMA, 
denoted in the top right part of Fig. 1. These marks preferably consist of diffiaction gradngs. 
Alternatively they may be constituted by otiier marks such as squares or strips which are 

25 optical^ different fix)m tiieir surroumfings. The alignment marks are preferably two- 
dimensional, Le. Ifaey extend in two mutually perpendicular directions, the X and Y 
directions in Fig. 1. The substrate W has at least two aUgnmentinaiks, preferably also two- 
dimensional difi&action gratings> two of vrtudi, P i and P2, are shovm in Fig. 1 . The marks Pi 
and P2 are located outside tiie area of the substrate W v/hexe the images of the pattern C must 

30 be formed. The grating marics Pi and P2 are preferably implemented as phase gratings, and 
die grating marks Mi and M2 are preferably implemented as amplitude gratings. The 
alignment system may be a double alignment system in vAAch two alignment beams b and b' 
are used for imaging the substrate alignment mark P2 and the mask alignment mark M2, or 
the substrate aligninent mark Pi and the mask alignment mark Mi on each other. After having 
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passed the alignment system^ the alignment beams are incident on synometrically arranged 
radiation-sensitive detectors 13, 13\ In Fig.l only detector 13' is shown. These detectors 
convert the relevant beam into an electric signal, which is indicative of the extent to which 
tile substrate marks are aligned with respect to the mask marks, and thus the substrate is 
5 aligned with respect to the mask. A double alignment system is described m US-A 4,778,275, 
which is referred to for furtfier details of this systenL 

For an accurate detmnination of the X and Y positions of the substrate, a 
lithogr^hic apparatus is provided with a multiple axis interferometer system, which is 
diagrammatically shown by way of the block IF in Fig. 1. A two-axis mterferometer system 
10 is described in US-A 4,251,160, and a tiiree-axis system is described in US-A 4,737,823. A 
fiv&-axis interferometer system is described in EP-A 0 498 499, with which both the 
displacements of the substrate along the X and Y axes and the rotation about the Z axis and 
the tilts about the X and Y axes can be measured very accurately. 

A strand-scan lilhogr^hic dpparatus does not only comprise a substrate 
1 5 interferometer system but also a mask interferometer system. 

As is diagrammatically shown in Fig. 1, the output signal Si of the substrate 
interferometer system and the signals S13 and S'n of the detectors 13, 13' of the alignment 
system are dpphed to a signal-processing unit SPU, for example, a microcomputer. This unit 
process said signals to control signals Sac for an actuator AC with which the substrate holder 
is moved, via the substrate table WT, in the XY plane. 

The projection apparatus further coniprises a focus error detection device, not 
shown in Hg. 1, for detecting a deviation between the focal plane and the projection len^ 
system PL and the plane of the resist l^er PR. Such a deviation may be corrected by moving, 
for example, the lens systsem and the substrate with req)ect to ^ 

by moving one or more lens elements of tiie projection lens system in the Z direction. Such a 
detection device vAskh may be fixed, for example, to flie pioj ection lens system, is described 
in US-A 4356392. A detection device wrtti wUdh both a focus error and a local tilt of the 
substrate can be detected is described m US-A 5,191^0. 

Very stringent requirements are imposed on the projection lens system. Details 
havmg a line width of, for example 0.3 5 ^un or smaller should still be sharply imaged with 
this system, so fbat the system must have a relatively large NA, for example, larger than 0.6. 
Moreover, this system must have a relatively large, well-corrected image field, for example, 
with a diameter of 23 mm. To be able to comply with these stringent requirements, tiie 
projection lens system comprises a large number, for example, tens of lens elements. Each of 
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these lens elements must be made very accurately and fhe system must be assembled veiy 
accurately. A good method of detmnining i^ether abei^ 

small enough to lender fliis system suitable to be built into apiojection apparatus^ as well as 
to allow detection of aberrations during the lifetime of the apparatus, is the indispensable. 
5 The latter aberrations may have dififerent causes. Once the aberrations and their magnitudes 
are known, measures can be taken to compensate for them, for example by adapting position 
of lens elements or pressure in conq)artments of the projection system. 

By way of example. Fig. 2 shows an image space intensity distribution IP 
calculated for the case apoint source is imaged by means of an imaging system showing 

1 0 higher order aberrations. These aberrations, vMch may be due to manu&cturing errors, 

generate higher order Zemike coefBcients in the wave front, which excites from the imaging 
system. The low intexisity part of the calculated pattem outside the central lobe comprises a 
large number of contours, defining areas of constant intensity. The pattem of contours 
resembles a speckle pattern. This can be explained by the non-correlated nature of the higher 

15 order Zemike coefficients. The numerals attached to the contours represent the relative 

intensity, in percents of the mayifnnm intensity in the c^atral lobe. To prevent that too many 
contours would arise in the central part of the pattem so that this part would appear black, the 
central fnayiTniim has been limited or truncated to, for example, 3% of the real maximum. 
The diffracted intensity is concentrated within a circle CI givm by v = n+3 , the extent of the 

20 higihest order Bessel fimction present in the image plane intensity frmction. The character v 
represents the dim»sionless radial coordinate and n is tiie expected highest Zemike 
ooefficienL 

According to tiie invention use is made of the optical impulse response, or 
point spread function to determine aberrations of the projection Systran. Furthermore, for 

25 analyang the observed bnages new and unique analytical e)qiressions are used also for the 
higiherordraraborations. According to a key feature ofthis method a sinaU test object feature 
having a ^ze smaller than tiie resolution of the imaging system is illuminated. This test 
feature may be a delta feature. A delta feature is an obj ect feature having a size, for example 
a diameter, substantially smaller than the resolution of the optical system by means of \^ch 

3 0 radiation from the test object is concentrated in a resist layer or an aerial radiation detector. 
An example of such a delta test feature is apinhole. Only if a small test feature is used the 
fine structure, including the higher order aberrations of the intensity distribution will be 
observable. 
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For measuring an intensity distribution as shown in Fig.2 in the image plane of 
tiie picojection system of a lithographic projection ^paratus, fliis ^aratus may be used as a 
part of the measuring system. A test mask having at least one test obj ect feature, for example 
a delta test feature in the foim of a pinhole is arrai^ed in the mask holder. This pinhole is 
imaged in the resist layer in the same vmy as a production mask pattern is imaged in the resist 
layer during the production process. Subsequently, the substrate is removed from the 
q>parati]s and developed and etched so that an image of the pinhole is transferred in a relief 
image pattern in the substrate is obtained. Subsequently, this relief image is scanned by a 
scannmg detection device, for example, a scanning electron microscope. The electron 
microscope converts Ae observed image into image data, which are processed in an image- 
processing device, using a Sfpedal, analytical, image-processing algorithm so that tiie image 
data can be visualized in diagrams or graphs. It is alternatively possible to show visual 
images of the structures observed by the electron microscope on, for example, a monitor. 

Fig. 3 shows a block diagram of the method of producing an image of a delta 
feature in a resist layer and determining the intensity distribution of this image, hi this Fig. 
the projection ^paratus, which imaging quality is to be measured, is denoted by block PA. 
The developmg and etching apparatuses are denoted by block DE. The block SEM comprises 
the scaiming electron microscope or, in general a scanning detection device. The block BP 
within the block SEM demotes the image-processing device and block MO the monitor. 

As shovm in the vertical cross-sectional Fig.4 the delta test feature of the test 
object may be constituted by a minute transparent openinglO or pinhole in a non-transparent 
plate or layer 12 on a trans|iarent substrate 14. The substrate may be of glass or q^^ 
the non-transparent layer may be a diromium layer. For carrying out the mettiod the opening 
is illuminated by the projection beam PB, yMch is a beam of electromagnetic radiation. After 
passage tiirough the op^aing 10 the electromagnetic field has an electric field vector E, vMch 
m a gnitud e varies as a fimction of the position p as repres^fited by graph 1 6. After passage of 
the pioj ection lens systmi PL, diagrammatically represented by the single lens in Fig.4, the 
electromagnetic field has an intensdty distribution 1 8, v**ich is called Airy distribution. The 
uxtensity is the square of the amplitude, Le. the magnitude of the electric field vector E' at the 
image side of the projection-lens system. The perpendicular slopes of graph 16 have been 
converted in oblique slopes and the needle-like field of this gr^h has changed m a central 
lobe 20 with a number of side lobes at both sides. Fig. 4 shows only two side lobes, 22 and 
24 at both sides. The intensity distribution 1 8 is caused by the fact that the projection lens 
system, even when it is firee of aberrations, is not an ideal system but has a point spread 
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function. This means that a point is not imaged as a point, as is represented by trhe broken 
line graph 26 in Fig.4, but that the radiation of tiie point is more or less spread across an Airy 
pattern.. The width wi of central lobe 20, and thus the half-value width wi(%), is deteimined 
by fbe point spread fimction of the projection lens. The half-value width is understood to 
mean the widfli of the lobe at the position where flie intensity is half liie maximum intensity. 

The Airy intensity distribution 18 represents the theoretical situation, which 
holds only for an ideal lens system, i.e. a lens system without aberrations. Lens aberrations 
cause radiation raergy to move fix>m the central lobe of the Airy pattern to rings around tiiis 
lobe. The larger the aberration order is, i.e. the higher the number of the Zemike term, the 
larger the distance of flie intensity caused by this aberration order is fix>m the centre. Using a 
delta test feature having a size SDMUer than, for example, corresponding to 1/3 of, the half 
value width of the Airy central lobe, allows measuring, in a relative large field, the fine 
intensity distribution caused by the aberrations up to the very high orders, i.e. very high 
nxnnbers of Zemike terms, for example 169. The term corresponding has been used to 
indicate that the magnification of the lens system should be considered. 

Illumination of a transparent opening in a non-transparent area is known in 
optics as dark-field iilimiination. The measurement of the invention may also be carried out 
with lig^t-field illumination. The delta test feature is then a minute non-transparent area 28, 
for example a chromium dot, in a transparent layer 30 or on a transparent plate 14, for 
example of glass or quartz, as shown in Fig.S . 

Instead of the transparent/ nonrtransfparen^ i.e. anqilitude, structure of Figs. 4 
and 5 also a phase stnKtuie may be used as test object A delta feature 
structuie is shown in Fig.6. It consists of a minute-area recess 32 having a dqrth d in a 
transparent plate 14. Lssteadofa recess, also a niinute-area raised portion may be used 
having the same area size and the same height difference with respect to the rest of the plate 
as sdd recess. Since flie plate, fixr example a test mask, is sufGidentlytraiisparent 
projeclion beam with \)^ch the test feature is inoaged, t^ 
^ beam. This nieans thai, afier passage throu^ the plate^ 

PB mddent on the area 30 has obtained a di£ferent phase than the rest of the beam. The phase 
difference ^ (in rad.) between the beam portions is defined by 
(n2-ni).d.27c 

' — r— 
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in which 112 is the refractive index of the plate material, nj is the refractive index of the 
sunoundmg medium which is generally air, with n = 1, and X is the wavelength of the 
projection beam PB. 

For obtaining a good contrast in the image plane, the phase difference between 
the beam portion which has passed tim)ugh the area 3 2 and the rest of the beam must be <|» = 
n rad This means that the optimum depth d of the recess is equal to the wavelength of the 
beam PB if the refractive index of the mask material is 1.5 and the surrounding medium is air 
having a refractive index of 1 . Usefiil results can still be obtained at depths different from the 
optunal depth. 

Instead of a transmission object as shown in Figs.4, 5 and 6, the test object 
may also be a reflective object A reflective test object will be used for measuring apparatus 
wherein the wavelength of the imaging, or projection, beam is so low that materials, which 
are sufGcientiy transpar^t for radiation of this wavelength, are not available. The imagmg 
system should then be constmcted of mirrors and also the test object should be a reflective 
object A reflective test object will be used, for example, for measuring a lithogr^hic 
projection qiparatus wherein extreme UV (EUV) radiation, having a wavelengOi of, for 
example 13 nm, is used as projection beam radiation. 

Fig.7 shows a first embodiment of a reflective delta test feature, consisting of a 
minute reflective area 40 in a non-reflective layer 42 or on a non-reflective plate or mask 
substrate 44. This is the reflective variant of the dark-field transmission feature of Fig.4. 

Fig.8 shows a second embodim^ of the reflective delta test feature, 
consisting of a minute non-reflective area 48 in a reflective layer 50. This is tiie reflective 
variant of the light-field transmission feature of Fig.S. 

Fig.9 shows a third onbodiment of the reflective delta test feature^ consisting 
of a minute-area recess 52 in a reflective layer 54. This is the reflective variant of the 
transmission phase feature of Fig.6. The recess 52 may also be replaced by araised layer 
portioiL 

For the reflective delta test feature the optimum depth or height is a quarter of 
the wavelength of the projection beam PB. 

Upon illumination of each one of tiie delta test features of Figs. 4-9, the 
radiation from such a feature and passing through the lens or mirror or combined projection 
system will produce an intensity distribution in the resist layer. In the ideal case, i.e. a 
projection system without aberrations, this distribution is an Airy distribution like the 
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distribxition 1 8 in Fig.4. In practice the distribution is more extended and irregular due to 
aberrations of differmt kinds of the projection syst^. 

By way of example. Fig. 10a shows a SEM picture of a delta test feature, 
consisting of an opening 34 in a dm>mium layer 35 on a quartz substrate. The diameter of the 
opening is chosen such tibat on wafer scale it about 0, 1 ^m, thus 0,4 (im on mask scale if the 
imaging system has a magnification of Ya. Fig.lOb shows a SEM image of this test feature in 
aresist layer. This image is obtained with an imaging system having anumerical aperture of 
0,60 and usmg radiation having a wavelength of 193 nm. The central region 64 in the image 
is surrounded by non full annular regions 65-70 at relative large distances from the centre 
which have non-zero intensity, which means that the imaged system used has higher-order 
aberrations. 

In general, the aberrations, like coma, astigmatism, three-points- and spherical 
aberrations, are composed of lower and higher order Zemike coefBcients. The lower order 
and higher order coefGcients cause an intensity to appear more close to and more remote 
fix)m the central lobe of the Airy distribution, respectively. A Zemike coefBcient of an 
aberration may produce intensity at the same position as another Zemike coefBcient of 
another aberration. In order to determine fix)m which aberration intensity at a given position 
stems, scanning through focus is used. Thereby use is made of the feet that different 
aberrations change ia a different way whm scanning through focus, i.e- moving the image of 
the test feature along the optical axis of the proj ection Irais system in the +Z direction and the 
-Z dhection with respect to die resist layer. This movranent can be realized by changing the 
focus of the pn>jection system or by moving tins system and the resist 
each other in the Z direction. Li practice for thoorou^ focus scannmg tiie resist layer will be 
moved because substrate stages used in optical lithogr^hy are provided with means for very 
accurately moving the substrate in the Z dhection. The nature of the present measuring 
method allows scanning over aZ-rang^, which is substantially larger, for exanq)le between - 
1 pm and + 1 pm, than tibie Z range usually exploited in li^gr^hic apparatuses. The focus 
range that will be used in lithogr^hic projection ^aratus wherein projection radiation widi 
a wavelength of 193 nm or 157 nm is used, of the order between -0,1 pm and +0,1 nm. 

For each focus condition a separate intensity distribution is needed. In order to 
determme the influence of the illumination dose, for each focus s condition the test feature 
should be imaged a number of times, each time with a different pre-detenmned illumination 
dose fix)m low to high. Thus for each focus condition a mmiber of intensity distributions are 
produced in the resist layer. Producing such a focus exposure matrix (FEKd) in the resist layer 
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allows zeconstructioii of intensity levels, which are not visible in the developed resist images. 
This is illusdated in Fig.ll, \Mch shows, by way of example, atop view of an array of 
reposed areas 72-80 in a resist layer 7 1 on top of a wafer (not shown). These successive areas 
have been illuminated via a delta test featuie, whereby for each area another focus getting has 
5 been chosen. The central area 80 has been illuminated at optimum focus condition. The 
border area72hasbeeniUuminatedwithadefocusof, for example, + 1 |jm and the areas 73- 
75 with successive smaller + defocus. The border area 79 has been illuminated with a defocus 
of, for example -1 fun and the areas 78-76 with successive smaller - defocus. The number of 
areas in the array may be much larger than the few areas shown in Fig 11. The different doses 

10 used with each focus condition are represented by the series of areas 82-89 for the focus 

condition dxiring imaging in area 80. Area 82 has been illuminated witii a small dose and area 
89 with a high dose. For each of the areas 72-79 a series of areas like the series 82-89 is 
produced in the resist layer. All exposed areas in Fig.ll are provided with an intensity 
distribution 90 shown for the area 62, ^i^diereby the distributions in the different areas are 

IS different 

In addition to the area series 72-80 and 82-89 a large number of areas may be 
exposed witii different focus settings and/or doses. This allows increasing the accuracy and 
reliability of the measurement. 

The intensity distributions can be observed by developing and etching the 
20 resist layer so that tiiis distribution is converted to a profile structure, and by scanning tiiis 
stru ct ur e. Scanning is performed by means of a scanning microscope having a resolution 
vMdQi is larger than the resolution of the proj ection system, which is proportional to X/NA of 
this systeoL A scanning electron microscope, ^^ch may have a magnification of the order of 
100,000 and can observe details of the order of 3.5 nm, is eminentiy suitable for this purpose, 
25 particulady if a large number of images must be measured. It is alternatively possible to use 
other scaiming microscopes in tiie form of, for example, probe microscopes such as an optical 
probe microscope or an AFM (Atomic Force Microscope) or hybrid forms thereof 

For each of tiie exposed areas in the resist layer the intensity I as a function of 
the polar co-ordinates p (radius) and 6 (azimuth) and of f (focus state), i.e. I(p,0,f), is 
30 determined and tiie data about the different areas are processed simultaneously. 

For comparing the intensity distributions in the several exposed areas, in each 
area a position reference is needed. Such a position reference may be constituted by a pattem 
etched in the wafer carrying the resist layer. It is also possible to provide the resist layer with 
the reference nmrk by means of a double exposure procedure. According to this procedure 
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first a lefermce mark is imaged in the resist layer area destined for an image of the delta test 
feature and then the delta test feature itself is imaged in this area. 

The po^on reference mark may be constituted by small spot 1 00 in the centre 
of an image area, such as area 80, of a delta test feature, as shown in Fig. 1 2a This spot is 
5 obtained by e3q)osing the area 80 through a (mask) opening having a diame^^ 
resolution of the imaging system to be measured. 

Fig. 12b shows a second embodunent of the position reference mark. This 
mark consists, for example, of four spots 102-105 at opposed border positions in the image 
area 80 of the intensity distribution of the test feature. 
10 Fig.l2c shows a third embodiment of the position reference mark. This mark 

consists of a circle 107 around the region 109 of the image area 80 where the intensity 
contours are e>q>ected to ^)pear. 

The int^isity distribution produced by an imaging system from a delta test 
feature can also be observed directly by a radiation-sensitive detector. The possibly influence 
15 of resist characteristics on the measurement is then excluded. The detector, vMch observes 
an aerial image, may be called an aerial detector. Fig.l3 shows diagrammatically a measuring 
system using such an a^ial detector. In this Fig., reference numerals 10,12,14 denote the test 
object of Fig. 4. The delta test feature 10 has, for example, a diameter of the order of 100 nm. 
This feature, Le. opening, is imaged by the projection system PL as a point spread function 
20 indicated by the Airy distribution 18. The aerial detector 110 is arranged close to the image 
plane of lbs projection system. This detector may consist of a conventional radiation sensitive 
detector 112 with leads 1 14 and having a small oi)ening 1 16 in a cover lay^ 118. The 
opening 16hasadiametero:Cforexanqpleoftfaeorderof 100 nm. For measuring the 
intensity distribution in the image area of tiie test feature, vMch area is, for example 300x300 
25 |jun\&eaexid detector is scamied across the irnage area, as indicated by the a^ 120. 

The aerial detector allows considerable improvemmts of the measuring system 
with respect to the signal to noise ratio of tfie detector signal aiid widi r^ 
measuring time. 

To inorease Ae measured intensity, the aerial detector may be provided with a 
30 matrix of openings, for example thirty openings along the x direction and thirty openings 
along die y direction, so in total 900 openings. Fig. 14 shows a portion, comprising twenty- 
five openings 116, of such a detector 130 and the test object that is used in combination with 
such a detector. This Fig. is similar to Fig. 1 3, witii the exception that the intensity 
distribution and the projection system are omitted for clearness sake. Each of the op^iings in 
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Fig.l4 is the same as opening 1 16 in Fig.l3, and may have a diameter of the cider of 100 nm. 
The openings are spaced from each oth^ by, for exanq)le 2 \xm. Radiation passing through 
all openmgs is captured by a common radiation detector 1 12. "With such a detector the 
intensity distribution produced by a test object having a corresponding number of delta test 
S features 10, all being the same as test feature 10 in Fig.l3, can be scanned simultaneously. 
Thereby each opening scans a sqparate image field belonging to the corresponding delta test 
feature 10 in the test objecL These imaged fields are denoted by reference numeral 132 and 
delineated by the broken lines 134 and 136 in the x direction and they direction, respectively. 
The detector 1 12 receives radiation &om aU the openings simultaneously, which means that 

10 at each moment the intensities at the same locations in all image fields 1 32 are integrated. 
Thus by means of the embodiment vnUx a test obj ect having n delta test features and an aerial 
detector having n openings an image signal is obtained having an amplitude that is n times 
ihe signal amplitude obtained with a single test feature and a detector with a single opening. 
The image signal is understood to mean the signal that represents the intensity at the 

1 S momentarily scatmed location in an image field 1 32. 

The test object having a number of delta test features may also be used with a 
multiple opening aerial detector having separate, small detector elements. Fig. 1 5 shows a top 
view of a portion of such a composed detector 140, which portion comprises sixteen detector 
eloonents 141-156. The opening 1 16 of each of the detector elemmts may be the same as the 

20 opening 1 16 in ngs. 13 or 14. For all of the detector elemrats tiie position of the openmg 
with respect to the centre of the detector element is differ^ As shown in Fig. 1 5, the 
openings of the succeeding of elements of all rows (141-144 in the first row and 153-156 in 
the last row) are shifted fix>m the left to the right \^iilst tiie openings in all columns 
(141,145,149 and 153 in the first colunm and 144,148,152 and 156 in the last column are 

25 shifted from the upper side to the underside. The aerial detector of fig. 1 5 may comprise, for 
example thirty rows and columns, so nme hundred detector elements and the shift of the 
opmings is considerably analler than show in Flg.l5£ach detector element of the conxposed 
detector looks at a different point of the same mtensity distribution. This allows observing the 
vibole intensity distribution of a deha test feature in one measuring step. In the embodiment 

30 of the method M^erein the composed detector is used the radiation passing through the 
openmgs 1 16 are not mtegrated, as was the case in the embodiment of Fig.l4, so that the 
composed detector 140 receives less radiation than the detector 130 of fig. 14. This can be 
compensated by enlargement of the measuring time, so that integration over time is obtained. 
During the measuring action the detector is stationary in the x- and y-direction. 
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Another embodiment of a composed aerial detector allows a through focus 
measuring without moving the projection system and the detector relative to each other. 
Fig.l6 shows a perspective view of a portion of such a detector 160. For clearness sake, only 
the top row and the left column of detector elements are shown. The rows and columns may 
5 comprise, for example thirty detector elemmts, of which only four, 161-164 and 161,165- 
167, respectively ace shown. The openings 1 16 of flie detector elements are all arranged at 
the same positions, for example in the centre of the element The detector elements have 
different heights: in the first row fiom left to right the height decreases and in the left column 
the height decreases from the upper side to the underside. Each of the detector elements is 

10 thus arranged at a different distance to the projection system When a test object comprising a 
number of delta test features corresponding to the number of detector elements, is imaged on 
the composed detector 1 60, the focus conditions for all test features are different This means 
that for an intensity distribution point &cing tibie opening 116 a through focus scan is carried 
out in space, instead of in time, and without movement of the detector and the projection 

IS system relative to each other. For measuring the whole intensity distribution produced by tiie 
delta test feature the composed detector 1 60 should be scanned in the x- and y-direction as 
indicated by the arrows 120,121. 

The stepped detector 1 60 may be manu&ctured by etching a substrate, for 
example of silicon, to different heights and building \sp a semiconductor radiation sensor 175 

20 on each of Ike different-height substrate areas 170-174, as shown in Fig.17 for one the rows 
ofFig.16. 

When used for detecting aberrations in a li&ogr^hic projection apparatus, a 
specific optical measuring device can be used to perform flie present method Fig. 1 8 shov^ 
an embodiment ofsudi a device 180. It comprises a substrate 182,^^chhastiiesfa2qpeand 

25 dimensions of a production wafer for use in the s^paratus of \^ch proj ection system the 

aberrations have to be measured. The device, ^ch comprises at least one sensor and may be 
called optical measuring wafer or wafer sensor provides the advantage that it can be easily 
loaded in and unloaded fixmi the ^>pamtus, like a production wafer. Moreover when loaded 
in the apparatus, the optical measuring wafer is automatically positioned in the right position. 

30 The embodiment of Fig.l8 comprises five sensors 184-188. At least one of tiie sensors is a 
single detector or a composed detector as shown in Fig.l3 and Figs.15-17, respectively. The 
sensors may be distributed over the vAiolc wafer surface and may be arranged at different 
heights. The sensors may be provided with an amplifier to amplify the sensor signal before it 
is supplied to a microprocessor, also arranged on the wafer. The functions of the 
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microprocessor are a/o processing the sensor signals and controlling the sensors. The 
measuring ivafer may comprise also a memory 192 for temporarily storing data a/o signal • 
data. Block 194 is an input/output interface, v^ch is connected to the microprocessor and 
provides for a wired or wireless contact with flie environment The wireless contact may be 
provided, for example with optical means or by FM transmission. The inter&ce is used for 
supplying output data to the environment and/or loading a measurement program into the 
microprocessor. The measuring wafer is powered by power supply 196, which may be a 
battery or an induction device for wireless receiving electrical power fix)m the environment 
The measuring wafer comprises also two or more alignment marks to align the wafer in the 
lithographic projection ^paratus before measuring starts. 

For deriving aberrations of the projection system, or an imaging system in 
general, the image data obtained by scanning the intensity distributions should be processed. 
The date processing comprises anumber of steps, which can be divided into two groiq)s. The 
first gxmp of steps comprises: 

removing noise fiom the incoming image data; 

determining the contours of the image, for example, by diffetentiation, or by 
determining how far the intensity of each observed pixel is under a given threshold, and: 
determining tibie point of gravity of the intensity distribution of the observed 

image; 

The second gn>up of processing steps relates to a new analytical method. This 
method uses the dieory on computation of optical point spread functions both for point-like 
objects and extended objects under various illumination conditions, as disclosed in the 
article: " Assessmmt of an extEsided Nijboer-Zemike sqjproach for the computation of optical 
point spread functions'* by J JSraat et al, to be disclosed in Ae 2002 V 
of the Optical Society of Amoica. In fliis article the extended Nijboer-Zemike approach is 
used to compute the point spiead jfunction of an imaging system having dififecent types of 
aberrations yfbea scanning tturou^ focus. In the new analytical method Hbe extended Nijboer- 
Zlemike ^roadi to retrieve the phase defects, i.e. aberrations, of the system &om intoisities 
when scanning through focus. As the Nijboer-Zemike theory is based on assumptions, which 
severely limits its value in practice, this theory has been practically abandoned, certainly for 
larger aberrations. Moreover theory does not allow introducmg defocus terms. The new 
analysis method using the extended Nijboer-Zemike overcomes the problems inherent to the 
conventional Nijboer-Zemike theory and allows calculation of both small and large 
aberrations and also of high order aberration terms. The term "extended" in the name of flie 
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new theory refers to the feet that it allows defocus terms to be introduced The defocusing 

effect is taken as an independent parameter and this effect, i.e. scanning through focus, is 

effectively used for calculating tihe dififerrat ^pes of abenations. 

Essaitial in the calculation scheme of flie new analysis method, vrimb. may be 

5 called the extended Nijboer-Zemike algorithm, is a new function in the expression for the 

point spread function. This new function, vAuch is dependent on the radial coordinate and the 

defocus parameter, comprises for a specific aberration a specific Bessel series. With flie 

extended Nijboer-Zemike algorithm all cases of practical interest can be covered. Because of 

the analytical nature of the finmulas used in the algorithm, there are no discretization effects 

10 limitmg the accuracy as opposed to fteconvoitionaUy used numerical packages based on 
brute force integration methods. 

According to the present invention the abenations are determined by the 
following steps: 

transforming the observed intensity having been measured in rectangular 
1 5 coordinates into an intensity as a function of polar coordinates, i.e. I(t,^^; 

determimng the Fourier expansion Y(r,f) of the obsaved image intensity; 

determinmg in the (rjE) qjace the umer product of the Fourier expanaon YCrjE) 
and the aboxation phase <I>, and 

solving a set of Imear equations, whidi are ^ result of the preceding steps 
20 and which inchute radial parts ofpomt spread functions, which result fiomAe different 
abetration temis, in Older to reliieve tiiese abenation teons. 

lliis conqiutation is eluddated in qq)endbc titled: *1Basic form^^^ 
computation of electrical field of the point spread function ** (herranafier appendix A) and m 
the q>pendK titied: "Determmation of abenations" (hereuiafler appendix B). Appendix A 

25 summarizes the baric fi)imulasfiom the abovMnaxtioned article, ^ch are relevant for the 
conqnitation. Appendbc B descdbes the new metiiod of calculating aberrations from the 
measured intensities. 

The above-mentioned new fimction is \^(t^ (hereinafter second Vnm), which 
appears m appendix B in tiie expression for tiie point spread function on tiie line between 

30 Eq.lO and Eq.n. This Ynn^rJ^ is a special case of the function Vnm(r,f) appearing in Eq. 3 of 
^Jpendix A (hereinafter first V„„0. For, the second V,«(r,f) holds under the conditions that 
the aberrations of Ihe imaging system are relative small, that the numerical aperture o fliis 
system is not large and tiiat tiie test feature, i.e. tiie pinhole has a diameter substantially 
smaller tiian tiie resolution of die imaging system- For tiiese conditions flie Zemike 
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coefiBcients otnm belonging to this *T>asic'' Vnm are small and real coefiBcients, whilst the 
conesponding coefficients Pnm in Eq.3 are in general complex coefficients. As will be 
demonstrated herein after, Vnm functions, which are modifications of tiie basic Vnm function, 
can still be used if the above-mentioned conditions are not fulfilled. 
5 In general, a smgle aberration Rmn(p>0).cos(m,e) in the wave front from the 

exit pupil will result in a point spread function Vnm(r^.cos(m,<^). If the wave front shows 
more aberrations a correspondmg number of point spread will occur. The complexity of the 
point spread function depends on the specification of the unagiag system being measured and 
the test feature used for this measuring. All aberrations of the imaging system can be 
10 expressed in Vam fiuicttoiis, M^ch 9XG more or less complex, but can be calculated in a 
relative easy vyay. It will be sufficirait to include of the ordra- of twenty tenns in the infinite 
Bessel series to obtain the required accuracy. The V^, fimction, which plays a key role in the 
analysis of the mtensity distribution, can be defined as the radial part of the (n,m)* basic 
point spread fimction at defocus f. 

1^ Bq-lOofqjpendix A relates to the phase mors, Le. aberration phase O, of a 

imaging system, vAudi can be retrieved accordmg to the method if tibe aberrations of the 
system are small (a corrected system). The through-focus point-q>read fimction is expressed 
as a combination of basic fimctions. The coeffideots of these basic fimctions are identical to 
the Zemike coefiGdents and are estimated by optimizing the match between the Oieoretical 

20 intensity and the measured iolraiatypattmis at several vahies of the defocusp 

However, ^ new inefliod is not limited to retrieval of phase errors, but can be extended to 
retrieve more genoal aberratioDs. As can be taken fiwm appendix A, the fiill aberration 
fimction A.e]q)(i<Z>) can be writtm as: 

25 

v/bsxemA(p,0) is die amplitude or transmission of the pupil and ^(j:>,0) the pbaso error of 
the imaging system. Hie method using tbe extended Nijboer-Zemike algorithm is thus 
capable to retoieve not only phase arors of an imaging system, but also transmission, or 
amplitude, errors, i^di is a unique capability of this method. 

30 To detomine both amplitude and phase abeirations,whidh need not te be 

small, use can be made of Eq. 3 in appendix A. Tlds Eq, expresses the electrical field U(x,y) 
of a wave fiwnt conqmsing such a general aberration as a series expansion using the new 
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function Vnm(rJ) The coefficients fi^ can now be retrieved by defining two, instead of one, 
sets of basic functions: 

v^:=4Re{i'^y;F^} 

wherein tiie * indicates complex conjugation. Again the match between the theoretical and 
observed intensity pattern is optimized. By solving these two sets of linear equations the 
imaginary and real parts of the coefficients can be retrieved 

Altiiough in appendix B it is assumed that the diameter of the test feature, the 
pinhole, is substantially smaller tiian the resolution of the imagmg system, so that this test 
feature iqpproxinaiates a mathematical delta function, and that the NA of the system is small, 
the novel method is not limited to these conditions. Fortunately, it has turned out that the 
finite pinhole diameter can be taken into account analytically, simply by modifying tiie focus 
parameter /into: 

1 , 
^ ^ % 

wherein d = 7jdiAIX ♦ /) is the scaled, i.e. normalized, hole diameter D. This equation holds 
for the case that the test feature radius is small compared with the radius of the imaging beam 
and thus wifli the radius of the portion of piq)il of the imaging system illuminated by this 
beam. In a lithogr^hic projection qyparatus this radius can easily be set so that this condition 
can easily be fulfilled. 

For larger test feature radius the focus parameter f can be modified into: 

8 384 ^ 
or, even better, 

-^ 8 384 1Q240 ^ 

Theradialfimctions V^{r,f) are tiiM modified to =F^(r,7), but the phase retrieval 
procedure is the same as described herein above. Note that the new function allows 
processing of complex defocus values. Thus, a test feature wifli a relative large diameter may 
be used. This means that the e3qx>sure dose needed to obtain a sufficient signal to noise ratio 
may remain small so that the method of measuring can be easily carried out in practice. 
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More generally, the focus parameter / may be modijBed to accommodate 
additional corrections for both a (large) test featm:e size and high nimoierical aperture, for 
example larg^ than 0,7» of the imaging system. Generally, the focus parameter / can be 

modified to / = ib(z) , vvheto the function b(z) is a complex function depending on the 
5 wavelength X, the numerical ^erture NA and the test feature size D, for which an explicit 
analytical procedure exists. In particular, X, NA and D depend linear on the physical defocus 
value z . 

For an imaging system havmg a large numerical ^erture, for example from 
0,8 on, incident beam portions make relative large angles with the system surfaces. For such 

1 0 large angles tiie behavior of components of the system become dependent on the polarization 
state of tiie imaging beam. Such componoits are, for example, lens or mirror coatings and 
lens material, especially for short wavelength qiparatus. A calcium fluoride lenses which is 
used with 157 nm wavelength radiation is birefiingent and its optical behavior is tiius 
d&peodsat on tiie polarization state of tiie radiation beam incident on it To measure 

1 S ablations of imaging system with large numerical apertures the new metiiod has to be 
performed wifli two beams having mutually perpendicular polarization states. If for a higji 
NA imaging system to be measured it is known with vAnch polarization state it will be used 
tiie aberration measurement can be performed with an imaging beam having this polarization 
state. 

20 The m^or aberrations of the projection lens system are coma, astigmatism, 

tiiree^point (three-leaf) aberration, and spherical aberration. Each of these abexmtions are 
usually represCT[ted by a Zermke coefficient, i.e. an amount of a specific Zemike polynomial 
from the **fiinge 2^emike code**. A Ust of thirty-seven Zemike terms Z with thek polynomials 
is given in table 1. This table is known from the manual for the optical lithogrq)hy simulation 

25 program "Solid C, propriety of the firm Sigma C. Such a table can also be deduced from the 
well-known handbook: "Principles of Optics** by Bom & Wolf. As can be taken from table 1, 
for spherical aberration the low order Zemike coefficient is Z9 and the hi^er order 
coefficients are Z16, Z25, Z36 and Z37. For X-^ma the low order coefficient is Z7 and the 
higher order coefficients are Z14, Z23 and Z34, i;sAereas for Y-coma these coeffidmts are Z8 

30 and Z15, Z24, Z35 respectively. For astigmatism, i.e. H/V or horizontal/vertical astigmatism, 
the low order coefficient is ZS and the higher order coefficients are Z12, Z21 and Z32, 
i^ereas for astigmatism at 45^ these coefficients are Z6 and Z13, Z22, Z33, respectively. For 
three^int aberration in tiie x direction the low order coefficient is Zl 0 and the higher 
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coefficients are Z19 and Z30» whereas for the three-point aberration in the y direction these 
coefficients are Zl 1 and Z20, Z31 respectively. 

By way of example. Fig. 19 shows a two-dimensional representation of a three 
three-dimensional surface that represents tiie experimentally obtained variation of the 
astigmatic Zemike coeffici«]t 25 across the image field of a delta test feature. In this Fig., Af 
denotes the focal axis and A3 denotes tiie radial axis. Fig.l9 shows that the sign of the 
aberration, i.e. astigmatism, changes when passing through the focal point (FA). 

The description has hitherto been based on a single test object. However, a test 
mask may have a large number of test objects patterns, for example three in the x direction 
and 1 5 in the y direction. The test objects can be arranged such that they cover the whole 
image field o^ for example a step-and scanning ^paratus, which field is typically 8mm in 
the X direction and 26 mm in the y direction. This allows determining aberrations in the 
whole scanned image field. The nimiber of test objects may also be larger or smaller. If 
aberration detection is performed by means of an aerial detector technique, for each of the 
test objects a separate aerial detector should be provided. If the test objects comprises a 
number of delta test features, for example lOQxlOO, each of the (con4)osed) aerial detector 
should comprises a corresponding number of openings. If aberration detection is performed 
by means of im a ging in a resist layer, each of the test objects comprises one delta test feature. 

Since the test patterns are so small, they may also be provided in a production 
miask, Le. amask with anIC pattern, without this being at the e3q)^ise of the details of the 
relevant IC pattern. Then it is not i^cessary to manu&cture separate test masks and to 
exchange maslcs fi)r measuring aberrations. 

For performing the detection method by means of a lithogr^hic projection 
£Q>paratus, the projection beam preferably has a small beam cross-section at the location of 
the mask so tiiat a maximal quantity of proj ection radiation is concentrated on the test obj ect 
and a clear image is obtained. Novel aerations of lithographic projection ^aratuses have 
special illumination systraas, \Aich provide, mter alia, the possibility of ad^ting the ctoss- 
section of the projection beam, with the total radiation energy of Ihe beam being maintained. 
Such an iUumination system is described, for example, in the article: *Thotolithography using 
the AERIAL illuminator m a variable NA wafer stepper^ SPDB Vol. 2726, Optical 
Microlithography K, 13-15 March 1996, pp. 54-70. The ratio between the cross-section of 
the projection beam and the pupil cross-section is denoted by a, or degree of coherence. For 
projecting die mask pattern, a values of between 1 and 0.3 are currently used. In accordance 
with the invention, such a lithographic apparatus can be made eminently suitable for 
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perfonning the novel method of measuring aberrations if the means for limiting the beam 
Gcoss-section are implemented in such a my that the a values can be set at the order of 0.2 or 
less. These means can be obtained by adapting the beam-limiting means already present in 
the lithogrq>hic apparatus in such a way that the cross-section of the projection beam can be 
5 made considerably smaller than &e beam cross-section which is used for projecting the mask 
pattern on the substrate. This fiirttier reduction of the beam cross-section can then be realized 
vAnlo maintaining the total energy in the beam. For the aberration measurements, it is 
altacnatively possible to azrangp an extra diaphragm in the radiation palh between the 
radiation source and the mask holder, the aperture of said diq)hragm being adjustable in such 

10 a way that a values of between 1 and, for example, 0.1 can be adjusted. 

The invention can be used both in a stepping- and a step-and-scanning 
lithographic projection ^paratus. In a stepping apparatus a whole mask pattern is illimiinated 
and imaged in a first IC area. Subsequently the mask pattern and the substrate are moved 
with respect to each olh^ until a subsequent IC area is positioned under the mask pattern and 

1 5 the projection system, hence one step is made. Then this IC area is illunainated with the mask 
pattern, another step is made again, and so forth imtil the mask pattern has been imaged on all 
IC areas of the substrate. To alleviate die requirements of -a large NA and a large image field 
imposed on the projection lens system and/or to increase the resolution and the image field of 
the apparatus, a step-and-scanning ^aratus is preferably used. In this apparatus, a mask 

20 pattern is not imaged as a whole in one step. The mask pattern is illuminated by a beam 
having a narrow, rectangular or drculariy segment-sfa£q9ed, beam cross-section. The mask 
pattem and the substrate are moved synchronously with respect to 
tiie magnificati on of the proj ection system into account, so Hist all sub-areas of the mask 
pattem are consecutivdy imaged on corresponding sub-areas of the substrate. Since the 

25 cros&-section of the projection beam in one direction, for exan^le, the X direction, is already 
small in such an ^iparatus, only the beam cross-section in the other directioi^ for example, 
the Y direction should be decreased so as to obtain an optimal illumination for the novel 
method. 

The test object(s) cover(s) only a very small part of the mask surface area. If 
30 an entirely transparent test mask is used, the radiation passed by the mask outside the area of 
the test object may have the effect of interference radiation and reduce the quality of the 
image of the phase structure. To prevent this, preferably a test mask is used in vAdch only the 
test obj ect features are transparent, while the rest of the mask, hereinafter referred to as outer 
area, has been made opaque, for example by coating it with chromium. Fig. 20 shows a part 
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of a test mask 200 provided with a test object, which comprises a single test object feature 10 
m the form of a transparent opening in a non-transparent area 12. This area and the outer area 
202 may be coated with a chromium layer. 

To achieve Aat a scanning electron microscope, or anoth^ scanning detection 
device, can easily find ^ small test object, a recognition maik 203 is provided in the test 
mask and in the outer area of each test object, as is shown m Fig. 20. This mark, which is 
formed by an F-shq>ed opening in the chromium layer in the example shown, may be an 
arbitrary mark, provided that it has details ejctending m both the x direction and the y 
direction. As is shown by figure 20, the strips extending in the x direction and the strips 
extending in the y direction of the recognition mark are considerably larger than the delta test 
feature 10. This mark is thus more easily observable and is suitable for navigation of the 
detection device. As soon as this mark has been observed, the detection device can be 
directed within the area on the substrate, which corresponds to the outer area 202 of the test 
mask. The detection device then starts searching the image of the test feature 10 and scans its 
intensity distribution. In the area 12 transparent strips 204 in the x direction and transparent 
strips206 in the y direction may be present so as to simplify the navigation of the detection 
device within the area 12. 

Further information may be provided, as is denoted by the reference numeral 
208 in tiie outer area 202 of a test object This information may relate parameters of the test 
object or may be position information and indicate the x and y coordmate of the relevant test 
obj ect on the test masL Further information, which may be useful for performing the method, 
may also be provided in the recognition maik 203. 

Smce the marks 202 and 208 have relatively large details, tliese details will 
always be imaged in such a way that th^ are still reasonably recognizable for the scannmg 
detection device, evm if the imagtog circumstances are not ideal, for example, if the quantity 
of illumination used is not optimal. for example, a too small quantity of illummation were 
used, the quality of tiie imag^ of the test feature 1 0 would be reduced to sudi an exto^ 
tiie m^od can no long^ be used satisfactorily. By observing Ae marie 203 and/or 208, the 

cause of the poor image quaUty can be ascertaiiied, so that the drcuinstances ca^ 
thereto m such a way that a usable fanage of the phase pattern is as yet obtained and the 
method can still be used. 

It has hitherto been assumed that the test feature of the test obj ect is a 
transparent opening in a non-transparent area. The test feature may, however, also consist of 
a minute non-transparmt area within a larger transparent area. It is also possible that the test 
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feature is a phase structure consisting of minute area at a level different from that of the 
surrounding area. If a reflecting production mask is used in the lithographic ^paiatus, the 
detection method is performed witii a reflecting test mask. The above mentioned three 
possibiKties for a transmission test object can also be used for a reflective test object For 
such an object the terms transparent and non-transparent used for a transmission test object 
should be replaced by the terms reflective and non-reflective, respectively. 

The text herein before only describes measurements on a projection lens 
system for a lidiographic apparatus. However, the projection system for such an apparatus 
may also be a mirror projection systent Such aprojection system must be used if EUV 
radiation is used as projection radiatioiL EUV, or extreme ultraviolet, radiation is understood 
to mean radiation at a wavelength in the range of several nm to several tens of mn. This 
radiation is also referred to as soft X-ray radiation. The use of EUV radiation provides the 
great advantage that extremely small details, of the order of O.I ^un or less, can be imaged 
satisfectorily. In other words, an imaging system in which EUV radiation is used has a very 
high resolution without the NA of the system having to be extremely large so that also the 
depth of focus of the system still has a reasonably large value. Smce no suitable material, 
which is suflBciently transparent and suitable for makmg lenses, is available for EUV 
radiation, a mirror projection system instead of a conventional projection lens system must be 
used for imaging a mask pattern on the substrate. Different embodiments of such mirror 
proj ection systems are known, which may comprise three to six mirrors. As the numb^ of 
mirrors increases, the quality of the unageis enhanced, but due to reflection losses, this is at 
ttie expense of the quantity of radiation on tiie substrate. A mirror projection system with sfac 
murois is desoibed in, for example EP-A 0 779 528. 

Fig. 21 shows an embodiment of anoflier ^pe of mirror projection system with 
six minors for a step-and-scanning lithogr^hic projection apparatus. This apparatus may 
have an NA (at the hnage side) of the order of 0.20, amagnification M of 0.25, a circular 
segment-shqied ima^ field havmg a widfli of L5 mm and a relative 
distance fwd. The ^paratus conqnises an illumination unit 210, shown diagrammatically, 
accommodating an EUV radiation source and an optical system for formmg a projection 
beamPB vAiose ax>ss-section has the shape of a drcular segment As is shown in the Fig., 
the illumination unit may be positioned close to Ae substrate table WT and the imaging 
section 219, 220 of the projection system so that the projection beam PB can enter the 
projection column closely along these elements. The mask MA' to be imaged, which is a 
reflective mask m this example, is arranged in a mask holder MH. This holder forms part of a 
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mask table MT by means of which the mask can be moved in the scanning direction 212 and 
possibly in a direction perpendicular to the scanning direction, such that all areas of the mask 
pattern can be arranged under the illummation spot formed by the projection beam PB. The 
mask holder and -table are shown only diagranamatically and may be ina^lemented in various 
S ways. The substrate W is arranged on a substrate holder WH, which is supported by a 
substrate table WT. This table may move die substrate in the scanning direction, the X 
direction, but also in the Y direction perpendicular thereto. In this embodiment, the mask and 
the substrate move in the same direction during scanning. A block 214 supports the substrate 
table. 

1 0 The proj ection beam is reflected by the reflective mask MA towards a first, 

concave, minor 215. This mirror reflects the beam as a converging beam to a second mirror 
216, which is slightly concave. The mirror 216 reflects the beam as a more strongly 
convergmg beam to a third mirror 217. This mirror is convex and reflects the beam as a 
slightly diverging beam to the fourth mirror 218. This mirror is concave and reflects the beam 

15 as a converging beam to die fifth mirror 219 \^ch is convex and reflects the beam as a 
diverging beam to the sixth mirror 220. This mirror is concave and focuses the beam on the 
resist layer PR coated on the substrate W. The mirrors 21 5, 21 6, 217 and 218 jointly form an 
intermediate image of die mask. The mirrors 69 and 70 produce the desired, telecentric, 
image of this intermediate image on the resist layer PR. 

20 Also flie mirror projection ^stem described above and othor projection 

systems may have said abenrations: spherical abenfation, coma, astigmatism, thre&-pomt 
aberration and possible furtiier aberrations, and also these aberrations can be measured 
accurately and reliably by means of tfie novel method 

The fact that the invention has been described with reference to the 

25 measurements on a projection lem system or a mirror projection sy^^ 

projection apparatus does not mean tiiat its application is limited tiiereto. The invention may 
be used wherever the aberrations of an imaging system must be measured independentiy of 
eadb other and with great accuracy and reliability. An exanotple of such an imaging system is 
a space telescope. When using the novel m^hod in a lithographic projection apparatus, an 

30 optimal use is, however, made of the &ct that this apparatus itself is already intended for 
imaging patterns on substrates and that the imaging and servo systems of this apparatus may 
also be used for performing the novel method. Moreover, possible means desired for 
performing the method, such as said extra diq>hragm, can easily be arranged in the apparatus. 
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Basic fibrmuUis Bor the computation of dcctilcal flekl of a point spread function 

The electrical field of a point spcead function is Uiae^ y). The isIatioRship between normalized 
cooxdinates (a^y) plus the defbcusponmieter/ and theieal space image coozdinates (XV 3^ ^ in 
the lateml and axial dinectioo: 

- - ATi^ <» 



Without kws of seneraliQr* a 8}rnanetzy assnmtion may be mads. The fiill abeorodon function 
j4>ecxp(t#)» can be expressed in texms of ZeroiloB polynomials as 

In seoeml the coefficients (n > m > 0, t» — wi even) are complex. The electrical field of the 
point qfacead function U is given by 



wheoB 



Km = £ P^iif/^)PS:^MJfnCi^pr)dp (4) 
&r integers 71, 971 > 0 with n — yn > 0 and even. The Bessel series presentations for Kam mads 



widi given by 



^ = (-Wn. + , + 2i, ( - + ij-,' - ^ ) ( > +i 7 ^ ) ( i - 5 ) / ( » + 1 ^ ) . (6> 
with I Bs 1, 2, . . . Bs 0^ . . .^jK. In C5> we have set 

For the nntnhcr Z» of tenns to be jochidBd in the infinite series over I the fi>]lowiiig mie Is used; if 
is thoee times the dofocns perasnelec; the absc^uto trnncadon ermr is of the ocder 10~^. 
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Petermlnntlon of the abcrratloos 

The observed quantity is the image iniensityHaSyy^ f) = | J7(a?, /)p. Usually the imtee inisDsity 
is defined for rectangular cooidinatBS. For retrieval of the aberoeOions the following steps ore 
perfonnedr 

1. The observed imaige intensity is transfonned to polar coocdinates ^ /). 
Z. A Riurier expansion is inade of the observed inciage intensity: 

«^Cn f) = ^J^n^^ ^ f)mm4d^ <S) 
3. AninnerpnxluGt is defined in the (r,/) spnoe: 

E%>r a wen oonected lens» A in Bq.C2) eqnals unity and the abecration phase ^ is sufiiciently 
small, so that in a first ocder ^sproTumation: 

* « S«wiCCP)«»(*»^ »^th™lnfc«, (lO> 

~ 4|l^pH-8gt'-+»iw«»{%DKLJcns»i^ (11) 

the are the ooeCBc i ents of the smgle aberrations i2^(p)ooBm^ in O and are to be estimated 
foomX. We d enote; 

wheoB n 8 fn + 21 and I nO,!,---. Them 

S^r^Slfaf « ^{t, f) (13) 

By taking the inner pEoduct» defined above, of Eq.(13) with ^^U-a* ^ quantities and thus the 
Zenribe coefficients, can be found on sohring a linear system of equtfions. When the summation of 
tbeleftbandsideof Bq.( 13) is restricted to 0,'--y A the linear combination of the ^[^^23, obtained 
by solving the (£p + 1) x (£r + 1) linear system, gives the least s(]niire approximation of as a 
linear combination of the 1 « 0, The solutkm is the best linear 

can obtain fiom tbe operimentally observed imeu & ity profile using £ + 1 terms in Eq.(L3X 
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Table I 
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20r*-30r''+ 121^-1 


Z17 


r'*cos4^ 


Z18 
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225 


701^ - 14Qi* + 90r' - 201^ + 1 


Z26 


i^cosS^ 


Z27 




Z28 


(6r*-5r'^cos4<^ 


229 


(6r*-5r*)sm4<|> 


Z30 


(21r'-30r' + 10r^cos3(|> 
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Z31 


(21r'-30r' + 10r^)siii3<!> 


Z32 


(56r* - lOSr'' + 60r* - lOf') cos2(|) 


Z33 


(56r* - 105r' + dOr* - lOi^) siii2«|> 


Z34 


(126r' - 280r' + 210r' - 60i^ + 5r) cos(|> 


Z35 


(1261^ - 280r' + 2101^ - 6(h^ + 5r) sm<|» 


Z36 


251'" - 6301* + seOr" - 2101"+ 30r' - 1 


731 


924r" - 2771'" + 3150r' - leSOr" + 420r* - 42i^+l 



wo 03/056392 

CLAIMS: 



PCT/IB02/01485 



1 . A method of detemuning the aberration of an optical imaging system, which 
method con^rises the steps of: 

arranging a test object in the object plane of the imaging system; 
forming a number of test obj ect images by means of the imaging system and 
5 an imagifig beam^ each test obj ect image being formed with another focus state of the 
imagmg system; 

detecting tiie test obj ect image by means of a detection device having a 
resolution larger tiian that of imaging system, and 

analyzing an output sdgnal of the detection device to determine values of 
10 differratabenrationtennsofthe aberration, characterized in that 

the stq> of arrangmg the test object comprises including at least one test object 
feature having a size small conqpared to die resolution of the imaging system; 

the step of detecting the test object ima^ comprises detecting for all images of 
a test object features die intensity profile across the vAiolc image plane area associated with 
15 this test object feature, vMch image plane area is substantially larger than the first ring of the 
Airy distribution of die image of the test obj ect feature, and 

the step of analyzing conqxrises solving at least one set of equations including 
radial parts of point spread functions, which result firom the different aberration terms, to 
retrieve these aberration terms. 

20 

2. A method as claimed in claim 1, diaracterized in diat the step of forming a test 
object image comprises imaging a matrix of test object features arranged at amutual distance 
substantially larger than the size of the test obj ect features. 

25 3. A method as claimed in claim 1 or 2, characterized in that the step of fonning 

a test obj ect image comprises forming a test obj ect image in a resist layer, in that Hsis layer is 
developed and in that the developed image is measured by a scanning detection device. 
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4. A method as claimed in claim 3, characterized by the additional step of 

ima giTig a refeirence feature for each test object feature in the resist layer before developing 
the resist layer. 

5 S. A mefliod as claimed in claim 4, characterized in that the additional 

comprises forming a point-shq>ed reference feature in the center of the image field each test 
object feature. 

6. A method as claimed in claim S> characterized in that the additional step 

10 comprises forming a circle-shaped reference feature at the rim of the image field of each test 
object feature. 

7. A method as claimed in claim 5, characterized in that the additional step 
comprises forming pairs of opposite line-shaped reference features in the image field of each 

IS test object feature. 

8. A method as claimed in claim 1 or 2, characterized in that the step of fomtiing 
a test object image comprises forming an aerial image on a radiation-sensitive detector. 

20 9. Am^odasclaimedinclaim8,d]aracterizedinthat1hestepoffomm 

object image comprises sbnultaneonsly fonning an aerial image of each test object feature on 
a separate detector area 

10. A mefliod as claimed in any one of claims 1^9, for detecting aberrations in a 
25 lifhograiduc projection qyparatus suitable for projecting a mask pattern, present ina 

production ma^ on a production substrate provided with a resist layer, characterized in that 
a niask having at least one test olgect feature is arranged at the posi^ 
mask in the proj ection apparatus and in tbat either a resist layer or a radiation-sensitive 
detection device is arranged at the position of the production substrate. 

30 

11. A method as claimed in claim 10 characterized in that use is made of a test 
object, which forms part of a test mask. 
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12. A method as claimed in claim 10 characterized in that use is made of a test 
object, wMch forms part of a production niask. 

13. A system for performing the method as claimed in any one of claims 1 -12, 
5 which system is constituted by the combination of: 

an apparatus of \;^ch ttie imaging system forms part; 
a test object having at least one test object feature; 

detection means for detecting the intensity distribution in the image of said at 

least one test object feature; 
10 - an image processor, coupled to the detection means, for analy2dng said 

intensity distribution, 

characterized in that the image processor comprises analysis means for processing 
information about said distribution, \yduch is determined by the point spread function of the 
imaging system, to determine different types of aberrations, the imaging system may show. 

15 

14. A system as claimed in claim 13, characterized m that the detection means 
comprises a resist layer for receiving an image of the at least one test object feature and a 
scanning detection device for scanning the test feature image formed and developed in the 
resist layer. 

20 

15. A system as claimed in claim 13, characterized in that the detection means 
comprises a radiatiort-sensitive detector for receiving an aerial image of tiie at least one test 
object feature. 

25 16. A system as claimed in claim 15, characterized in that the detector is a 

scanning point detector. 

17. Asystmasdaimedinclami 15, characterized in that the test object 
comprises an number of test object features and in that the detector is a scanning composed 

30 detector comprising a radiation-sensitive member and a number of transparent point-like 
areas, corresponding to the number of test features in the test object 

18. A system as claimed in claim 17, charactOTzed in that the radiation-sensitive 
member is a single element covering all transparent areas. 
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19. A system as claimed in claim 17, characterized in that fhe radiation sensitive 
member is composed of a number of sub-manbers, vMoh number corresponds to the number 
of transparent areas. 

5 

20. A system as claimed in claim 19, characterized in that the position of a 
transparent area relative to fhe center of the corresponding sub-member is diflFerent for the 
several transparent area/ sub-member pairs. 

10 21. A system as claimed in claim 19, characterized in that the several transparent 

areas are arranged at different distances firom the imaging systein. 

22. A lithogjq)hic projection ^paratus for imaging a production mask pattern, 
present in a mask, on a substrate, which apparatus comprises an illumination unit for 

15 siq)plying a projection beam, a mask holder for accommodating a mask and a substrate 

holder for acconmiodating tiie substrate, said apparatus being adapted to perform the method 
as clauned in any one of claims 1-12, characterized the imaguig system is constituted by a 
projection syst^ arrai^^ between the mask holder and the substrate holder, in that during 
performing die method ttie projection beam is used as imaging beam and in that the 

20 illumination unit conqnises means for reducing, during performing the method, the diameter 
of the projection beam cross^section to a value smaller than the cross^section diameter the 
proj ection beam has during projection of the production mask pattern. 

23. A lithogr^hic projection apparatus for imaging a production mask pattern, 
25 present m a mask, on a substrate, vMck apparatus conqprises an illumination unit for 

supplying a proj ection beam, a mask holder for accommodating a mask, a substrate holder for 
accommodating the substrate and a projection system arran^ between tiie mask holder and 
the substrate hold^, said apparatus being adapted to perform die method as claimed in any 
one of claims 1-12, characterized in that it comprises an aerial image detecting radoation- 
30 sensitive detector as claimed as clauned in any one of clauns 13-21 . 

24. A measuring device for use with the mefliod as claimed in any one of claims 
1-12, characterized in that it has the shape and dimensions of a production substrate and 
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comprises electronic signal processing means, power supply means, interface means and at 
least one detector for detecting intensity profiles in images of delta test features. 

25. A measuring device as claimed in claim 24» characterized in that the detector 
5 is a scanning point detector. 

26. A measuring device as claimed in claim 24, characterized in that the detector 
is a composed detector comprismg a radiation-sensitive member and a number of transparent 
point-like areas. 

10 

27. A measuring device as claimed in claim 26, characterized in that the radiation- 
sensitive member is a single client covering all transparent areas. 

28. A measuring device as claimed in claim 26, characterized in that the radiation 
1 5 sensitive member is composed of a number of sub-members corresponding to the number of 

transparent areas. 

29. A me??"Tri^E device as claimed in claim 26, characterized in that flie position 
of a transparent area relative to the center of the corresponding sub-member is different for 

20 the several transparent area/ sub-member pairs. 

30. A ynft^giiring device as claimed in claim 26, characterized in that the several 
transparent areas are arranged at different hrigjits* 

25 31* A test otjectlmving one or more ofthe characterise features^ as clainiedm 

any one of claims 1-12» rdating to &e test object 

32. A test object as claimed in claim 3 1 » implemented as a test mask and ^iierein 

an outer area, wfaidi forms a portion of flie mask sur&ce, surrounds each test obj ect feature, 
3 0 characterized in that each outer area is provided with a recognition mark 



33. A test object as claimed in claim 31 or 32, characterized in that for each test 

object feature, navigation marks are arranged in an intermediate area between the test object 
feature and the outer area. 
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34. A test object as claimed in claim 31, 32 or 33, characterized in that for each 
test object feature further madcs comprising information about the test object feature and/or 
its position on the mask sur&ce are arranged in the outer area of the test object feature. 

5 

35. A test object as claimed in any one of claims 3 1-34, characterized in that it has 
an amplitude structure. 

36. A test object as claimed in any one of claims 31-34, characterized in that it has 
10 a phase structure. 

37. A test object as claimed in claim 35 or 36, characterized in that it is a 
transmission object 

15 38. Atestobjectas claimed in claim 3 5 or 3 6, characterized in that it is a 

reflective object 

39. Retrieval method for retrieving different aberration terms of the aberration of 
animagjbig system fiom a data stream representing an intensity distribution in an image 

20 formed of a test object by means of the imaging system, which method is characterized by 
the steps of: 

transforming Ae observed intenshy having been measured m rectan^ 
coordinates into an intensity as a function of polar coordinates and focus condition 1(t,^S) » 

determining the Fourier e3q)ansion T(r,f) of the observed image intensity, 
25 - dcterminmg in the (r,jO space the iimer product of &e Fourier eaq)^^ 

and the aberration phase (O), and 

solving at least one set of linear equations, which are the result of the 
preceding steps and include radial parts of point spread functions, \^ch result from the 
dififerent aberration tenns, to retrieve these aberration terms. 

30 

40. Computer program comprising software for performing the retrieval method 
of claim 39. 

41. A process of manu&cturing devices comprising device features in at least one 
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substrate layer of device substrates, which process comprises at least one set of the following 
successive steps: 

providing a production mask pattern comprising features corresponding to 
device features to be configured in said layer; 
S - . im^jng, by means ofacontroUed projection system, the production mask 

pattern in a resist layer coated on the substrate and developing this layer thereby forming a 
patterned coating corresponding to the production mask pattern; 

removing material from, or adding material to, areas of the substrate layer, 
^^ch areas are delineated by the pattern of the patterned coating, 
10 vAisrehy controlling of the projection system comprises detection of aberrations of tiie 
proj ection system and re-setting of elemoits of this system at the hand of &e result ofibe 
detection, characterized in timt the detection is performed by means of the method as claimed 
in any of claims 1-12. 
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ABSTRACT 



The performance of an illumination system in, for example, 
a lithographic projection apparatus can be measured accu- 
rately and reliably by means of a test object (55) comprising 
at least one Fresnel zone l^is (30) and an associated refer- 
ence mark, preferably a ring (40). By superposed imaging of 
these and detecting and evaluating the composed image 
(56), telecentricity errors and aberrations of the illumination 
can l>e measured. 





Patent AppUcation Publication Sep. 28, 2006 Siieet 1 of 7 US 2006/0215140 Al 




Patent Application Publication Sep. 28, 2006 Sheet 2 of 7 US 2006/0215140 Al 




FIG. 



2 



Patent Application Publication Sep. 28, 2006 Sheet 3 of 7 



US 2006/0215140 Al 




FIG. 3 



Patent Application Publication Sep. 28, 2006 Sheet 4 of 7 US 2006/0215140 Al 




Patent Application PubKcation Sep. 28, 2006 Sheet 5 of 7 US 2006/0215140 Al 



30 40 



30 40 



o • o 

G-h~40 
-30 



• O • O • O 
• O 



• O 

• O 

• O • O 

30 40 



• o m-e- 
o • o 



o 

G-|— 40 
-30 



FIG. 6 




30 40 30 « ^84-^ 30 « 30 m 

FIG. 8 




FIG. 9 



Patent Application Publication Sep. 28, 2006 Siieet6of7 US 2006/0215140 Al 





FIG. 10 



us 2006/0215140 Al 



1 



Sep. 28, 2006 



IVfETHOD OF MEASURING THE PERFORMANCE 
OF AN ILLUMINATION SYSTEM 

[0001] The invention relates to a method of measuring the 
performance of an illumination system, which comprises a 
radiation source and is used in an imaging apparatus, which 
method comprises the steps of: 

[0002] providing a test object comprising at least one 
Fiesnel zone lens; 

[0003] airanging the test object in the object plane of the 
imaging apparatus; 

[0004] imaging a test object area comprising a Fresnel 
zone lens in an imaging plane by means of an illumination 
beam supplied by the illumination system and by means of 
the imaging system of the a^rparatus, whereby a local 
effective source is imaged in the image plane; 

[0005] evaluating the image of the local effective source 
by means of a detection device and associated processing 
means to determine the performance of the illumination 
system. 

[0006] The invention also relates to a test object for use 
with the method, to a method of manufacturing a device 
including the measuring method and to a device manufac- 
tured by means of the method of manufacturing. 

[0007] A local effective source is imderstood to mean the 
distribution of waves, and thus radiation, which the illumi- 
nation system fomis in the plane of the test object. 

[0008] U.S. Pat. No. 6,048,651 relates to such a method 
for testing of the illumination system of precision image 
' projection apparatus used in integrated circuit lithography. 
The optical imaging system may comprise re&activc ele- 
ments, reflective elements or a combination of these ele- 
ments. An optical ima g in g system in the form of a projection 
system, having a large number of Ibises or mirrors is used 
in photolithographic projection apparatuses, which are 
known as wafer steppers or wafer step-and-scanners. The 
projection system for such an apparatus, which may be a 
lens system or a mirror system or a system comprising lenses 
and mirrors, will be referred to hereinaiter as projection lens. 
Lithographic projection apparatuses are used, inter alia, for 
manufacturing integrated circuits, or ICs. In a photolitho- 
graphic projection apparatus a production mask pattern, 
present in a production mask is imaged a large numb^ of 
times, each time in a different area, also called IC area, shot 
area or die, in a resist laya: on top of a substrate or wafer. 
Imaging is performed by means of a projection (imaging) 
system and a projection beam having a wavelength in the 
UV range, for example 365 nm, or a wavelength in the deep 
UV range, for example 248 nm, 193 nm or 157 mn. 

[0009] The aim in IC manufacturing is to supply ICs 
which have an ever-increasing signal processing speed and 
comprise an ever-increasing nimiber of electronic compo- 
nents. To realise this, it is desirable to increase the surface 
area of an IC and to decrease the size of the components. For 
the projection apparatus this means that both the image field 
and the resolution of its projection lens must be increased, 
so that increasingly smaller details, or line widths, can be 
imaged in a well-defined way in an increasingly larger image 
field. This means that a projection lens, which satisfies very 
stringent quality requirements and shows negligible aberra- 
tions, like coma spherical aberration, coma and astigmatism. 



is needed. An effective method of and system for measuring 
the performance of a projection lens was described eariier. 

[0010] For the envisaged smal ler details to be imaged also 
the quality of the illumination system and its alignment with 
respect to the projection system becomes ever more impor- 
tant. The illumination system used in lithographic projection 
apparatuses comprises a radiation source, a lens- or mirror- 
condensor system for concentrating the radiation supplied 
by the source in an illumination beam, a so-called integrator 
for rendering the radiation distribution across the beam cross 
section imifbrm. Current lithographic projection ^paratuses 
use a so-caUed Kohler illumination, i.e. the radiation source 
is imaged in the pupil plane of the projection lens. The 
illumination system creates a distribution of plane waves of 
source radiation in the plane of the mask pattern, which 
distribution is called: the local effective source. Aberrations 
in the illumination system change the said distribution and 
thus cause a variation of the shape of the effective source 
across the plane of the mask pattern and thus across the field 
of the projection lens. 

[0011] For testing an iUumination system, U.S. Pat No. 
6,048,651 uses a photomask that, instead of with an IC 
pattern, is provided with a Fresnel lens structure, which is 
called: Fresnel zone target (FZT) in the patent. This photo- 
mask is illuminated by the illimiination system to be tested 
and imaged by a projection lens in an image plane and the 
radiation distribution in the image plane, which distribution 
is called pupil diagram, is evaluated to determine the illu- 
mination system adjustment. For the evaluation, in the 
image plane a resist-coated wafer, a photosensitive film or an 
electronic image sensor may be arranged 

[0012] It is an object of the invention to provide a method 
as defined in the opening paragraph of this description, 
which has more capabilities than die method of U.S. P^t No. 
6,048,651, i.e. allows measuring more illimiination system 
parameters. This m^hod is characterized in that the step of 
providing a test object comprises providing a test object 
having for each Fresnel zone lens a reference mark and in 
that the step of imaging comprises imaging the Fresnel zone 
lens area and the corresponding reference mark area within 
the field of view of the detection device. 

[0013] Imaging in the field of view of the detection system 
is imderstood to mean that the Fresnel zone 1^ and the 
reference mark are imaged close to each other so that they 
can be viewed by the detection device as one composed 
image that can be evaluated as one image. 

[0014] Imaging a reference mark belonging to a Fresnel 
zone lens, which marie has a well defined position with 
respect to the Fresnel zone lens, at a well-defined position in 
the image plane allows determining the position of the 
image of the Fresnel in an easy way. The centre of the 
reference mark image can be used as the origin of a 
two-dimensional co-ordinate system and the shape and 
dimension of the effective source image can be determined 
by means of the origin and the axes of this co-ordinate 
system. 

[0015] The Fresnel zone lens and the reference mark may 
be imaged next to each other. A preferred embodiment of the 
method is, however, characterized in that the Fresnel zone 
lens area and the corresponding reference mark area are 
imaged as being superposed. 
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[0016] This allows more accurate and faster measuring 
because the position of the image of the local effective 
source needs no to be "^translated" to the position of the 
reference maik. Superposed imaging of the local effective 
source and the reference mark allows measuring telecentric- 
ity errors. A telecentricity error is understood to mean a 
deviation between the centre of the radiation source image 
formed in the pupil of the projection lens and the centre of 
this pupil. A telecentricity error may cause image distortions^ 
which vary with the variation of focus and may affect the 
accuracy with which a mask pattern can be aligned with 
respect to a substrate or wafer. 

[0017] The reference mark may be formed by small lines 
airanged at angles of 90^ with respect to each other and 
which may be distinct lines or lines that together form a 
square. The reference mark may have any form, provided 
that it has a clearly discernible centre. 

[0018] Preferably the method is further diaractcrizcd in 
that the reference mark is an annular mark. 

[0019] This allows comparing the shape of the image of 
the local effective source, which should be circular, with the 
circular contour lines of the image of the annular reference 
marie (hereinafter reference ring). In this way different types 
of aberrations of the illuminating system can be determined. 

[0020] Preferably, the method is charactedzed in that the 
test object is imaged out of focus over a distance equal to die 
focal length of &e Fresnel zone lens and in that the reference 
mask is imaged at best focus condition. 

[0021] In this way a sharp image of the local effective 
source is formed in the image plane of the projection system. 

[0022] A preferred embodiment of the method is charac- 
terized in that for imaging the Fresnel zone lens an illumi- 
nation dose is used that is substantially higher than the 
illumination dose used for imaging the reference mark. 

[0023] In this way it is achieved that also tiie image of the 
illumination source is sufficiently bright to allow reliable 
detection of this image. 

[0024] As for imaging of the local effective source the 
imaging system is used, possibly transmisdon errors of the 
imaging system may affect the result of tiie illumination 
system measurement. To eliminate, or reduce sufficiently, 
the influence of such transmission errors an embodiment of 
the method, which uses a test object having a number of 
Fresnel zone lenses and associated reference masks, is 
characterized in that measures are taken to direct radiation 
bom each Fresnel zone lense at a different angle througji the 
pupil of the imaging system. 

[0025] A number of the sub-beams from several Fresnel 
zone lenses all pass through possible transmission error 
areas of the imaging system, such that the effect of these 
errors is spread over the composed image and thus is 
eliminated. 

[0026] Alternatively the method is characterized in that 
before the illumination syston is measured, the imaging 
system is illuminated by diffuse radiation and the radiation 
distribution in its image plane is measured to detect trans- 
mission errors of the illumination system and in that the 
results of the illumination system measuremrat are corrected 
for the said transmission errors. 



[0027] Evaluating the test object image can be carried out 
according to two main embodiments of the method. A first 
main embodiment is characterized in that the step of evalu- 
ating the test object image comprises the sub-steps of: 

[0028] imaging the radiation source in a resist kiyer and 
developing the resist; 

[0029] scanning the resist stiiicture by means of a detec- 
tion device having a higher resolution than the imaging 

system, and 

[0030] analyzing data supplied by the detection device in 
order to determine the types and amounts of different 
aberrations, which may be present in the source image. 

[0031] Higher resolution is understood to mean allowing 
the detection of smaller details. 

A second main embodiment is characterized in that the step 
of evaluating the test object image comprises the sub-steps 
of: 

[0032] forming an aerial image on a radiation sensitive 
detector, 

[0033] scanning the aerial image, and 

[0034] analyzing data supplied by the detector in order to 
determine the types and amounts of aberrations, which may 
be present in the source image. 

[0035] This embodiment may be further characterized in 
that the step of forming an aerial image comprises simulta- 
neously forming aerial images on separate detector areas. 

[0036] This allows measuring local-effective^source varia- 
tions across the field of the projection system. 

[0037] The novel method is especially suitable for mea- 
suring the performance of an illumination system of a 
lithographic projection apparatus. The embodiment of the 
method for this application is characterized in that: 

[0038] the step of providing a test object comprises pro- 
viding a mask comprising at least one test object, and 

[0039] the step of arranging the test object in the object 
plane comprises arranging diis mask in a 'mask holder of the 

projection apparatus. 

[0040] An embodiment of the method is characterized in 
that use is made of a test object, which forms part of a test 

mask. 

[0041] A test mask, or reticle, may comprise a large 
number of Fresnel zone lenses and allows carrying out 
different types of measurements. 

[0042] An alternative embodiment is characterized in that 
use is made of a test object, which forms part of a production 
mask. 

[0043] This allows quick measuring, without inserting a 
special test mask in and removing it from the projection 
apparatus. 

[0044] The invention also relates to a system for perform- 
ing the method. This system is characterized in that it 
comprises the combination of: 

[0045] an apparatus of which the illumination system 
forms part; 
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[0046] a test object having at least one Fiesnel zone lens 
and an associated reference mark; 

[0047] detection means for detecting the intensity profiles 
of the local effective source image formed by the Fresnel 
lens and of the image of the reference mark; 

[0048] an image processor, coupled to the defection 
means, for storing and analyzing observed images, and 
comprising analysis means for processing information about 
observed images to detamine different kinds of aberrations 
the iUumination system may show. 

[0049] A first embodiment of this system is characterized 
in that the detection means comprises a resist layer for 
receiving a source image formed by the at least one Fresnel 
lens and an image of the associated reference mark and a 
scanning detection device for scanning said images formed 
and developed in the resist layer. 

[0050] Preferably the scanning detection device is a scan- 
ning electron microscope. 

[0051] A second embodiment of this system is character- 
ized in that the detection means comprises a radiation- 
sensitive detector for receiving a source aerial image formed 
by the Fresnel lens and an aerial image of the reference 
maik. 

[0052] This embodiment may be further characterized in 
that the detector is a scanning point detector. 

[0053] Another embodiment of the system is characterized 
in that the test object comprises a number of Fresnel zone 
lenses and associated reference marks, in that the detector is 
a scanning composed detector comprising a radiation-sen- 
sitive member and a number of transparent point-like areas, 
corresponding to the number of Fresnel zone lenses in the 
test object. 

[0054] This embodiment may be furtiier diaracterized in 
that the radiation sensitive member is a single dement 
covering all transparent areas. 

[0055] Alternatively, this embodiment may be character- 
ized in that the radiation sensitive member is composed of 
a number of sub-members, which number corresponds to the 
number of transparent areas. 

[0056] This embodiment may be fiirtfier characterized in 
that the position of the transparent area relative to the center 
of the corresponding sub-members is different for the vari- 
ous transparent area/sub-member pairs. 

[0057] The novd method is very suitable to be used in 
combination with a measuring device, whidi is character- 
ized in that it has the shape and dimensions of a production 
substrate and comprises dectronic dgnal processing means, 
power supply means, inter&ce means and at least one 
detector for detecting intensity profiles of a source aerial 
image formed by a Fremel lens and an aerial image of an 
associated reference mark. 

[0058] This measuring device may be called a sensor 
wafer and can be transported through the tithographic pro- 
jection apparatus in the same way as a normal wafer. The at 
least one detector of the sensor wafer may have the detector 
coitfigurations as described above. 

[0059] The invention also relates to a test object for use 
with the novel method. This test object is characterized in 
that it comprises at least one Fresnel zone lens and an 
associated reference mark. 



[0060] A first embodiment of the test object is character- 
ized in that it is implemented as a test mask. 

[0061] A second embodiment of the test object is charac- 
terized in that it forms part of a production mask. 

[0062] The test object may be further characterized in that 
it an amplitude structure. 

[0063] Alternatively, the test object is characterized in that 
it has a phase structure. 

[0064] The test object may be further characterized in that 
it is a transmission object. 

[0065] Alternatively, the test object is characterized in that 
it is a reflective object. 

[0066] The invention also relates to a process of manu- 
facturing devices comprising device features in at least one 
substrate layer of device substrates, which process com- 
prises at least one set of the following successive steps: 

[0067] providing a production mask pattern comprising 
features corresponding to device features to be configured in 
said layer, 

[0068] illuminating by means of a controlled illumination 
system the production mask pattern; 

[0069] imaging, by means of a projection system, the 
production mask pattern in a resist layer coated on the 
substrate and developing this layer, thereby forming a pat- 
terned coating corresponding to the production mask pat- 
tern; 

[0070] removing material from, or adding material to, 
areas of the substrate layer, which areas are delineated by the 
pattern of the patterned coating, said controlling of the 
illumination system comprising detection of aberrations of 
the illumination syston and re-setting of this system based 
on the result of the detection. This process is characterized 
in that the detection is performed by means of the measuring 
method described hereinabove. 

[0071] The invention further relates to a lithographic pro- 
jection apparatus for imaging a production mask pattern, 
present in a mask, on a substrate, which apparatus comprises 
a controlled illumination system for supplying a projection 
beam, a mask holder for accommodating a mask, a substrate 
holder for accommodating a substrate and a projection 
system arranged between tiie mask holder and the substrate 
holder, said controlling of the illumination system compris- 
ing detection of aberrations of the illumination system and 
re-setting this system based on the result of the detection. 
This apparatus is characterized in that the detection is 
performed by means of the measuring method described 
hereinabove. 

[0072] As by using the measuring method of the inv^tion 
in the above-described lithographic process and apparatus 
better-defined devices can be obtained, the invention is also 
embodied in such devices. 

[0073] These and other aspects of the invention are appar- 
ent fit>m and will be elucidated, by way of non-limitative 
example, with reference to the embodiments described here- 
inafter. 
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[0074] In the drawings: . . 

[0075] FIG. 1 shows diagrammatically an embodiment of 
a lithographic projection apparatus comprising an illumina- 
tion system, the performance of which can be measured by 
means of the method; 

[0076] FIG. 2 shows a simplified embodiment of such an 
apparatus comprising only the elements which are needed 
for understanding the invention; 

[0077] FIG. 3 shows the effect a Fresnel zone lens has on 
a plane wave from the ilhimination system of the apparatus; 

[0078] FIG. 4 shows the principle of a Fresnel zone lens; 

[0079] FIG. Sa shows a portion of a test object comprising 
one Fresnel zone lens and the associated reference ring; 

[0080] FIG. 5^ shows die superposed images of this 
Fresnel zone lens and ring foixned in a resist layer; 

[0081] FIG. 6 shows a test object in the foim of a test 
reticle comprising a nimiber of Fresnel zone lenses and 
associated reference ring3; 

[0082] FIGS. 7a, lb and 7c show images of different types 
of ilhmiination sources; 

[0083] FIG. 8 shows a test object provided with wedges; 

[0084] FIG. 9 shows such a test object provided with a 
difiusing sur&ce, and 

[0085] FIG. 10 shows a sensor wafo: for use with the 
method 

[0086] In the schematic diagram of FIG. 1 only the most 
important modules of an embodimoit of a lithographic 
projection, or exposure, qyparatus are shown. This apparatus 
comprises a projection cotunm wherein a projection system, 
for example, a lens projection system PL is accommodated. 
Above this system a mask holder MH for canying a mask 
MA is arranged, which mask con^rises a mask pattern C to 
be imaged. The mask pattoik is a pattern of features corre- 
sponding to the features to be configtired in a layer of a 
substrate, or wafer, W. The mask holder forms part of a mask 
table MT. A substrate table WT is arrai^ed in the projection 
column beneath the projection lens system. The substrate 
table is provided with a substrate holder WH for holding a 
substrate, for example a semiconductor wafer, W. A radia- 
tion-sensitive layer PR, for example a photoresist layer, is 
coated on the substrate. The mask pattern C should be 
imaged a munber of times in the resist layer, every time in 
another IC area, or die, Wd. The substrate table is movable 
in the X- and Y-direction such that, aft^ the mask pattern 
has been imaged in an IC area, a next IC area can be 
positioned under the mask pattem and the projection system. 

[0087] The apparatus further comprises an illumination 
system IS that comprises a radiation source LA, for example 
a mercury lamp or an excimer laser like a Krypton-Fluoride 
excimer laser, a lens system LS, a reflector RE and a 
collector lens CO. The illiunination system may comprise a 
so-called integrator, i.e. an element that mixes ^e iimer and 
outer portions of the beam from die source so that this beam 
gets a unifonn intaisity distribution. An iUumination, or 
exposure, beam PB supplied by the illumination system 
illuminates the mask pattem C. The projection system PL 
images this pattem in an IC area on the substrate W. 



[0088] The apparatus is further provided with a number of 
measuring systems. A first measuring system is an alignment 
measuring system for determining alignment, in the XY- 
plane, of the substrate with respect to the mask pattem C. A 
second measuring system is an interferometer system IF for 
measuring the X- and Y-position and the orientation of the 
substrate. Also present is a focus-error detection system (not 
shown) for determining a deviation between the focus, or 
image, field of the projection system and the radiation- 
sensitive layer PR on the substrate. These measuring sys- 
tems are parts of servo systems, which comprise electronic 
signal processing- and control circuits and actuators by 
means of which the position and orientation of the substrate 
and the focus can be corrected at the hand of the signals 
delivered by the measuring systems. 

[0089] The alignment detection system uses two align- 
ment marks and M2 in the mask MA, which marks are 
shown in the right top section of FIG. 1. These marks are, 
for example, diffraction gratings, but may also be constituted 
by other marks, like squares or strokes, which are optically 
different from their surroundings. Preferably the alignment 
marks are two-dimensional, i.e. they extend in two mutually 
popendicular directions, the X- and Y-direction in FIG. 1. 
The substrate W comprises at least two aligiunent marks, 
two of which, P^ and P2 are shown in FIG. 1. These maiks 
are positioned outside the area of the substrate W where the 
images of the mask pattem have to be formed. Preferably the 
grating marics Pj and Pj are phase gratings and the grating 
maiks Ml and M2 are amplitude gratings. The alignment 
detection system may be a double system wherein two 
alignment beams b and b* are used for detecting alignment 
of the substrate mark Pj with respect to the mask mark M2 
and for detecting alignment of the substrate marie Pj with 
respect to the mask mark Mj, respectively. Afler having 
traversed the alignment detection system, each of the align- 
ment beams is incideait on a radiation sensitive detector 3 
and 3', respectively. Each detector converts the relevant 
beam into an electrical signal that is indicative of the degree 
to which the substrate mark is aligned with respect to the 
mask mark, and thus the degree to which the substrate is 
aligned with respect to the mask. A double alignment 
detection system is described in U.S. Pat. No. 4,778,275, 
which is referred to for further details about this system. 

[0090] For accurately determining the X- and Y-position 
of the substrate, the lithographic apparatus comprises a 
multiple-axis interferometer system, which is schematically 
indicated the block F in FIG. 1. A two-axis interferom- 
eter system is described in U.S. Pat. No. 4,251,160 and a 
three-axis interferometer system in U.S. Pat. No. 4,737,823. 
In EP-A 0,498,499 a five-axis interferometer system is 
described, by means of which both displacements along the 
X- and Y-axis and rotation about the Z-axis and tilts about 
the X- and Y^xis can be measured very acciuately. 

[0091] As indicated in FIG- 1, the output signal Si of the 
interferometer system and the signal S3 and S3' of the 
alignment detection systan are supplied to a signal process- 
ing circuit SPU, for example a micro computer, which 
processes these signals to control signals Sac for an actuator 
AC. This actuator moves the substrate holder WH in the 
XY-plane, via the substrate table WT. 

[0092] The output signal of the above mentioned focus- 
error detection syston is employed for correcting focus 
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enrors, for example, by moving the projection lens system 
and the substrate relative to each other in the Z-direction, or 
by moving one or more lens elements of tiie projection 
system in the Z-direction. A focus-enror ctetection system, 
which may be fixed to the projection lens system, is 
described in U.S. Pat. No, 4,356392. A detection system by 
means of which both a focus-error and a local tilt of the 
substrate can be detected is described in U.S. Pat. No. 
5,191,200. 

[0093] There is a steady demand to decrease the details, 
the width of a device feature, or line, and the distance 
between neighbouring device features, in order to increase 
the operating speed of the device and/or to increase the 
number of components in such a device. The small ness of 
the details which can be imaged in a satisfactory way by a 
lithographic projection apparatus, of which FIG. 1 shows an 
example, is determined by the imaging quahty and resolving 
power of the projection system. Conveationally tiiie resolv- 
ing power, or resolution, has been improved by increasing 
the numerical aperture NA and/or decreasing the wavelength 
of the projection radiation. A iurther increase of the numeri- 
cal aperture can hardly be expected in practice and a further 
reduction of the wavelength of the projection beam will pose 
a lot of new problems. 

[0094] A more recent development on the way to imaging 
smaller pattern details with projection systems that can still 
be manufactured is the use of a step-and-scaiming litho- 
graphic apparatus, instead of a stepping lithographic appa- 
ratus. In a stepping apparatus, a fdll-field illumination is 
used; i.e. the entire mask pattern is illuminated in one 
operation and imaged as a whole on an IC area of the 
substrate. After a first IC area has been exposed, a step is 
made to a next IC area, i.e. the substrate holder is moved in 
such a way that the next IC area is positioned under the mask 
pattern. Thereafter this IC area is exposed, and so forth until 
all IC areas of the substrate are provided with an image of 
the mask pattern. In a step-and-scanning apparatus only a 
rectangular or ciicular-segment-^iaped area portion of the 
mask pattern is illuminated and hence also a corresponding 
sub-area of the substrate IC area is each time exposed. The 
mask pattern and the substrate are moved synchronously 
through the projection beam, while taking the magnification 
of the projection system into account In a continuous 
process subsequent sub-areas of the mask pattern are then 
each time imaged on corresponding sub-areas of the relevant 
IC area. After imaging the entire mask pattern on an IC 
substrate area in this way, the substrate holder performs a 
stepping movement, i.e. the begirming of a next IC area is 
moved in the projection beam. The mask is then set, for 
example, in its initial position whereafter said next IC area 
is scan-exposed. As in the step-and-scaiming method only 
the central part of the image field is used and thus only this 
part has to be corrected for optical aberrations, a relatively 
large numerical aperture can be employed. In this way the 
width of the device features and their interspaces, which can 
be imaged with the required quality, can be decreased to a 
certain degree. 

[0095] To allow using the capability of a projection lens, 
i.e. the capability to image very accurately small details of 
a mask pattern in a resist layer, to the optimum, the illumi- 
nation system should show a high performance quality and 
this system should be accurately aligned with respect to the 
optical axis of the projection 1^. llie smaller the details 



which can be imaged by the projection lens, the higher the 
requirements to be imposed on the illumination system. 

[0096] FIG. 2 shows a diagram of a lithographic projec- 
tioii apparatus wherein a so-called Kohler iUiunination is 
used, which is the type of illumination mostly used in 
current wafer steppers and wafer step-and scanners. Kohler 
illumination means that the radiation source of the illumi- 
nation system is imaged in the pupil plane of the projection 
lens. The pupil is denoted by Pu in HG. 2. In this embodi- 
ment the radiation source supplies an annular beam, which 
is denoted by annular source AC. Illumination with an 
annular beam provides the advantage that the resolution of 
the projection system is enhanced, i.e. smaller details can be 
imaged. 

[0097] As illustrated in FIG. 3, an illumination beam is 
supplied, which is composed of a distribution of plane waves 
PW. The distribution at the level of the mask pattern, or 
reticle, is called: local effective source. This distribution is 
detearmined by the characteristics of the illumination system. 
Abmations of this system cause variations in this distribu- 
tion. Thus, illumination system aberrations result in a varia- 
tion of the shape of the source across the field of the 
projection apparatus. As the widtii of a printed Hne, i.e. a line 
in the resist layer formed by the projection lens, depends on 
the shape of the effective source at the location of the 
relevant hne in the mask pattern or reticle, condenser 
aberrations contribute to variations of the printed line width 
across the field of the projection lens. To eUminate, or reduce 
to an acceptable level, this type of line width variations, 
illumination system aberrations should be determined and 
measures should be taken to reduce or eliminate these 
aberrations. The aberrations include: tilt of the illumination 
system with respect to the imaging system, telecentricity 
error, which is constant across the image field, and focus 
error, which causes off-axis image defects. 

[0098] Illumination system aberrations could be measured 
by determining the radiation distribution in the pupil plane 
of the projection lens. However, usually this plane is not 
accessible. A known solution to this problem is to re-image 
the effective source by means of additional lens means 
arranged in tiie plane of the reticle. The simplest lens means 
for re^imaging would be a transparent hole in an opaque 
reticle. The optimum diameter R for the hole is given by the 
condition that the size of the radiation spot formed by means 
of the hole equals the size of a diffraction-limited spot: 

iKWO*'^ (1) 

[0099] Wherein A, is the wavelength of the source radiation 
and F is the distance between the hole and the plane where 
the spot is formed. 

[0100] Improved lens performance, thus an improved 
image of the radiation source, is obtained if a Fresnel zone 
lens replaces the single hole. The amplitude version of a 
Fresnel zone plate comprises a central circular area and a 
number of annular zones, which are alternately transparent 
and non-transparent. In FIG, 3 such a Fresnel lens is 
symbolised by a curved lens element 30, which conveiges 
the radiation associated with one of the plane waves PW on 
the wafer WA. The curve ID above the wafer represents the 
intensity distribution of the image formed by the combina- 
tion of the Fresnel zone lens and the projection lens. For 
clarity sake the latter has been omitted from FIG. 3. 
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[0101] FIG. 4 shows veiy schematically a zone lens 30, 
which is fonned by a plate 32 comprising a central circular 
zone 32 and a number of alternating transparent and non- 
transparent annular zones, of which only six zones 34-39 are 
shown. The radii Rm. of the zones are chosen such that a 
plane wave that travels from (object) point S to (image) 
point P via zone numbar m shows a phase difference of 
m.TJl with the wave that propagates along the optical axis. 
As the transparent zones all have an odd number or an even 
number, waves passing through the transparent zones aU 
interfere constructively in point R The radius of the zones 
are given by: 

R^^~m.)LMm^k^yA^\/ (2) 

[0102] For image forming by means of a Frcsnel leos the 
"thin lens equation" holds: 

l/pc^l/r<y-L/. with/-/f2j(m.X) (3) 

[0103] A plane wave thus focuses in a plane at a distance 
f, i.e. the focal length of the Fresnel zone lens, from this lens. 

[01 04] In practise, the focal length f is chosen to be within 
the range of defocus values of the projection lens for which 
the focus system of the projection apparatus can compen- 
sate. A typical range extends from -30 ^m to 4-30 ^m from 
nominal focus. The focal length of the Fresnel zone lens may 
then be 15 [im. The number of zones of the Fresnel lens, in 
a- practical embodiment for example five, is a compromise 
between the resolution of this lens and the ofif-axis abena- 
tions that a Fresnel lens having a relative large number of 
zones and a correspondingly relatively large NAmay show. 

[0105] To determine aberrations of die illumination sys- 
tem the radiation source is imaged by means of the Fresnel 
zone lens and the projection lens in a resist layer on top of 
a substrate. A parameter that is currently used in projection 
lithogr^hy is the coherence value a, which is a measure of 
the degree to which the illumination beam fills the pupil of 
the projection lens. If the beam fills the entire pupil, o^l , but 
usually ckI. The angle a at which a plane wave PW is 
incideait on the Fresnd zone lens 30 (FIG. 3) can be 
represented by: 

Sin Q^HAM (4) 

wherein M is die magnification of die imaging system. This 
plane wave is focused at a distance r firom the optical axis: 

r^.<xNAy{l-a^JiA^*^ (5) 

[01 06] For a projection apparatus having a projection lens 
with a numerical aperture NA«4>.63 and a coherence value 
a»l, the image of the radiation source would have a 
diameter of 24 ^m at wafer level. It is to be noted that the 
angle of incidence a associated with these values for a and 
NA is fairly large and that in practice a smaller angle of 
incidence will be chosen to avoid introduction of aberrations 
by the Fresnel zone lens. This means that the diameter of the 
radiation source image will be smaller than said 24 ^m. 

[0107] According to the invention, in addition to a local 
effective source also a reference mark, which is preset in 
the test reticle, or test object, and is associated with the 
Fresnel zone lens, is imaged. The local effective source and 
the reference maik are imaged close to each other, i.e. in the 
image field of the detection device so that the can be viewed 
by this device as one composed image. Imaging a reference 
niadc belonging to a Fresnel zone lens, which mark has a 
well defined position with respect to the Fresnel zone lens, 



at a well-defined position in the image plane allows deter- 
mining the position of the image of the Fresnel in an easy 
way. The centre of the reference mark image can be used as 
the origin of a two-dimensional co-ordinate system and the 
shape and dimension of the effective source image can be 
determined by means of the origin and the axes of this 
co-ordinate system. 

[0108] The Fresnel zone lens and the reference mark may 
be imaged next to each other. Preferably, the Fresnel zone 
lens area and the corresponding reference mark area are 
imaged as being superposed. This allows more accurate and 
faster measuring because the position of the image of the 
local effective source need not be "translated" to the position 
of the reference mark. Superposed imaging of the local 
effective source and the reference mark allows measuring 
telecentricity errors. 

[0109] The reference mark may be formed by small lines 
which are arranged at angles of 90** with respect to each 
other and which may be distinct lines or lines together 
forming a square. The reference mark may have any form, 
provided that it has a clearly discernible centre. 

[0110] However, the reference marie is preferably an annu- 
lar mark. 

[0111] This allows comparing the shape of the image of 
the local effective source, which should be circular, with the 
circular contour lines of the image of the annular reference 
mark (hereinaften reference ring). In this way different types 
of aberrations of the illuminating system can be determined. 

[0112] FIG. 5a shows a portion of the test reticle com- 
prising a Fresnel zone lens 30 and the associated test ring 40. 
The radius R of the first zone of the Fresnel zone lens is for 
example of the order of 2 pan. in case Xa248 nm and fa 1 S ^m. 
The diameter of die test ring, which diameter is larger than 
the diameter of the Fresnel zone area, is determined by the 
maximum a- and NA values of the apparatus whose illu- 
mination system is to be measured. The distance d between 
the centre of the test ring and the centre of the Fresnel zone 
lens is, for example, 100 pm. 

[0113] The test object shown in FIG. 5a may be consti- 
tuted by a transparent plate, for example, of glass or quartz, 
whose lower side is coated with a non-transparent layer of, 
for example, chiromium. The Fresnel lens and the reference 
ring consist of transparent areas and zones in the non- 
transparent layer. Instead of such a transparent/non-trans- 
parent, i.e. amplitude, structure also a phase structure may 
be used as a test object. The whole test object then is 
transparent and the Fresnel zone lens and the reference ring 
consist of area-and zone-recesses in the plate. Preferably the 
depth of the recesses is K/A if the surrounding medium is air 
having a refractive index of 1. Instead of recesses, also 
raised areas and zones may be used having the same area and 
zone sizes and the same height difference with respect to the 
rest of the plate as said recesses. 

[0114] Instead of a transmission object, the test object may 
also be a reflective object. A reflective test object will be 
used for measuring an illumination system which supplies 
radiation having such a short wavelength that materials, 
which are sufficiently transparent to this wavelength are not 
available. The illtmiination system and the projection system 
then comprise mirrors instead of lenses. A reflective test 
object will be used for measuring an illumination system 
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which supplies, for example, extreme UV (EUV) radiation 
having a wavelength of, for example, 13 nm. 

[Oil 5] For perfonning a measurement, first the resist layer 
is defocused with respect to the projection lens over a 
distance equal to the focal length of the Fresnel zone lens, 
for example 15 pm, by moving the wafer stage from its 
nominal position over this distance along the optica] axis. An 
image of the radiation source is formed via the Fresnel zone 
lens in the resist layer. As the extent to which the resist layer 
is defocused is equal to the focal length of the Fresnel zone 
lens, this image is a sharp image. Then the wafer stage is set 
to its nominal Z position and moved in tiie X direction over 
a distance d. The latter movement is carried out by the 
accurate X stage actuator or motor and the X interferometer 
system, which means ttiat ^s movement can be realised 
with nanometer precision. The centre of the reference ring is 
now at the former position of the centre of the Fresnel zone 
lens. Illumination of the test ring results in a second image 
in the resist. 

[0116] FIG. Sb shows the image 45 of the reference ring 
and the image 50 of the local effective source formed via the 
Fresnel zone lens. The diameter of the source image is, for 
example, of the order of 1 5 )im and that of the ring image of 
the order of 30 ^un. The composed image can be evaluated 
by means of a scanning electron microscope (SEM), which 
is provided with image processing and evaluating electronic 
hardware and software. Such a SEM is widely used in 
optical lithography for evaluating test images formed of 
production reticle patterns or parts thereof. For performing 
the illumination system measuring method an adapted and 
dedicated software package is used. 

[0117] Imaging a referrace ring superimposed on the 
image of the radiation source provides the advantages of 
having a mark for the position of the source image and 
having a reference for determining shift and deformations of 
the source image. 

[0118] As die reference ring is imaged in focus, for this 
imaging a nominal illumination dose (intensity of the pro- 
jection beam PB) can be used. Because the source is imaged 
out of focus via the Fresnel zone lens, preferably the 
illumination dose for this imaging is consid^bly, for 
example 20 times, larger than the nominal illumination dose. 
This is a safety margin to have sufficient radiation incident 
on the required position in the resist layer. 

[0119] Instead of by imaging in a re^ layei; the method 
can also be performed by using an aerial image of the 
reference ring and an aerial image of tiie radiation source 
formed by the Fresnel zone lens. The possible influence of 
resist characteristics on the measurement is then excluded. 
The aerial images are projected on a radiation-sensitive 
detector, which converts the images into electrical signals. 
The detector signals are supplied to an image processing and 
evaluating device coupled to the detector. An example of 
such a detector is an image sensor, which is widely used in 
lithographic projection apparatus for evaluating the perfor- 
mance of the projection column of such an apparatus. The 
aerial images of the source and the reference ring are 
scanned by the detector at differmt time intervals and their 
data are processed such that a composed image similar to 
that shown in FIG. Sb is obtained. 

[0120] In a previous WO patent application No. 02/01 485 
(PHNL010996), which relates to a method of measuring 



projection lens aberrations by means of measuring test 
feature images, several embodiments of detectors are 
described, which detectors can also be used with the method 
of the present invention. 

[0121] A first type of detector that can be used with the 
method for measuring an illumination system is a scanning 
point detector. 

[0122] In case the test object comprises a number of 
Fresnel zone lenses and associated reference rings the detec- 
tor may be a scanning composed detector comprising a 
radiation-sensitive member and a numbo' of transparent 
point-like areas, corresponding to the number of Fresnel 
zone lenses in the test object. 

[0123] The radiation-sensitive member may be a single 
element covering all transparent areas. 

[0124] Alternatively the radiation sensitive member is 
composed of a number of sub-members, which number 
corresponds to the number of transparent areas. 

[0125] In an embodiment wherein al aerial images of the 
local effective source are formed simultaneously, these 
images can be tak^ in simultaneously if use is made of a 
detector wherein the position of a transparent area relative to 
the center of the corresponding sub-member is different for 
the various transparent area/sub-member pairs. 

[0126] By evaluation of the composed image of FIG. Sb 
the new method allows determining of different types of 
possible illumination aberrations. If the reference ring image 
45 and the image 50 of the source are coaxial the illumina- 
tion system and the projection lens are well aligned. If the 
centre of image 50 is shifted witii respect to the centre of the 
image 45 so-called telecentric errors occiu:. This means that 
the illumination system is tilted with respect to this optical 
axis. A telecentric error causes a focus dependent image 
distortion in the form of a shift of especially the larger 
pattern features that is focus dependent and can affect the 
alignment or overiay accuracy during the production pro- 
cess. As a rule of thumb: a larger (coarse) feature will shift 
approximately Aa.NA.AZ, wherein A Z is the focus shift. 
For example, a telecentric error of 1% causes a line width 
variation of a coarse feature in case NA=0.6 and AZ«=0.4 jun. 
A coarse feature is, for example, an alignment mark. The 
shift for fine features, i.e. features having a width near the 
resolution of die projection lens, is very small to zero. 

[0127] A second type of aberration that can be measured 
by means of the method is variation of the size of the local 
effective source across the field of the projection lens. Such 
a variation means a variation Aa of the coherence value and 
causes a variation of the imagqd feature- or line-width across 
the field of the projection lens. For example, for Aa~l% the 
fine width variation ACD for the critical dimension CD, 
which may be the smallest dimension of the pattern, may be 
ACD~1 nm. The line width variation is strongly dependent 
on the pitch, or periodicity, of the mask pattern and on the 
t3^e of illumination, for example circular, annular, dipole or 
quadrupole illumination. Moreover the line width variation 
for an isolated feature and for a dense feature have opposite 
sign. An isolated feature is a mask pattern feature that has no 
neighbour feature at a distance in the order of a few times the 
line width. A dense feature forms part of a pattern wherein 
the distance between neighbouring features is a few times 
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the line width, for example a line having a width of 130 in 
a pattern having a pitch of 310 nm. 

[0128] The method also allows determining deviations in 
the radiation distribution of the local effective source. Such 
deviations include: for a conventional (circular) source or an 
annular source an elliptical instead of a round shape, for a 
dipole or a quadrupole source imbalance between the poles 
and for both an annular soiux:e and a multi-pole source 
eccentricity of the annulus of the poles with respect to the 
geometrical centre. This type of deviations causes a defor- 
mation of an IC pattern image and a diff<»eQce in line width 
for H lines (horizontal lines lending in the X-diiection) 
and V lines (vertical lines, extending in the Y-direction). 
Deformation of the contour of the source image in FIG. Sb 
indicates a defect in the illumination system itself, i.e. a 
defect in or a position or tilt error of one or more of the 
elements of this system 

[0129] For measuring across-tfae-field variations caused 
by the illumination system a number of composed images as 
shown in FIG. Sb should be formed, either in a resist layer 
or on an image sensor, every time at a different position in 
the image field of the projection lens. Preferably the plurality 
of composed images is obtained by means of a reticle that 
comprises a corresponding number of Fresnel zone lenses 
and associated reference rings. FIG. 6 shows an embodi- 
ment of such a reticle. In this FIG., the Fresnel zone lenses 
30 are doiotcd by closed (dark) circlets and the reference 
rings by open circlets. By illuminating the whole pattern of 
Fresnel zone lens and reference ring pairs, the required 
composed images are obtained in one step, which means that 
the time needed for the measurement can be reduced. For 
this simultaneous imaging for all Fresnel zone lenses the 
same, preferably high, illumination dose is used and for all 
reference rings the same nominal illumination dose is used. 

[0130] It is also possible to image the same Fresnel zone 
lens and associated reference ring a nmnber of times, each 
time at a different position in the resist layer. Then the test 
object should be stepped between the successive illumina- 
tions, which may require additional means. In a step-and- 
scaiming lithographic apparatus the reticle can be ste|^>ed in 
one direction. This embodiment of the method allows Ulu- 
minating the Fresnel zone lens each time with a dififerent 
dose, whilst for the successive illuminations of the reference 
ring the same dose is used. This allows enhancing the 
measurii^ capabilities of the melhod. By comparing the 
intensity profiles belonging to the different doses, via com- 
paring the composed images formed in the resist layer, the 
performance of the illumination system over the whole 
illumination dose range can be determined. 

[0131] As already remarked the method can be used to 
measure different types of illumination systems, like a 
conventional, an aimular, a dipole or a quadrupole system. 

[0132] FIG. 7a shows an example of the composed image 
70 obtained by measuring a conventional illimiination sys- 
tem, i.e. a system that supplies an illumination beam having 
a circular cross-section. As in FIG. 5a, the image of the 
source formed by means of the Fresnel zone lens is denoted 
by reference number 50 and the image of the reference ring 
is denoted by reference number 45. Circle 52 represents the 
best fitting contour of the image source. 

[01 33] FIG. 7b shows an example of the composed image 
72 obtained by measuring an annular illumination system, 



i.e. a system that supplies an illumination beam having an 
aimular cross-section. The source image formed by means of 
the Fresnel zone lens, which is denoted by refermce number 
74, has an annular shape. - 

[0134] FIG. 7c shows an example of the composed image 
75 obtained by mcasiuing a quadrupole illumination system, 
i.e. a system that supplies an illumination beam that is 
composed of four sub-beams, which are arranged in different 
quadrants around the geometrical centre. This centre should 
be situated at the optical axis of the projection lens. The four 
illumination areas formed by the sub-beams and the Fresnel 
zone lens are denoted by reference numbers 76, 77, 78 and 
79. 

[0135] The data relating to tilt and defocus of the ilhmii- 
nation system obtained by means of the method can be used 
to correct the illumination system in order to remove or 
reduce to an acceptable level the measured aberrations. The 
type of correction to be made depends on the kind of 
aberration and may include shifting or tiltiiig the system 
with respect to the optical axis of the projection lens, shilling 
or tilting of the radiation source of the imaging system and 
shilling or tilting of optical components of this system with 
respect to each other or the radiation source. 

[0136] At a manu&cturiiig site where several lithographic 
projection apparatuses are installed, the illumination sys- 
tems of these ^paratuses may all be measured by means of 
the same test reticle, which comprises one or more Fresnel 
zone lenses and associated reference rings, and corrected. In 
this way the illumination systems of the projection appara- 
tuses can be matched to each other. 

[0137] As the Fresnel zone lens and the referraice riiig 
occupy only small areas of a reticle, one or more Fresnel 
lenses and associated reference rings (hereinafter measuring 
elements) can also be arranged in a production reticle or 
mask, i.e. a mask having a mask paUem with features 
corresponding to the features to be configured in a layer of 
the substrate during the manufacture of a device. This allows 
carrying out the method without using a special test reticle 
and, for example, at the start of an exposure process for a 
batch of wafers. The measuring elements may be arranged at 
the border of a production reticle where no features of the 
mask pattern are present. 

[0138] As for imaging the local effective source and the 
reference ring the projection lens is used, aberrations of this 
lens may cause distortions in the images of the measuring 
elements. For a reliable measurement of the imaging system 
the projection lens abcnrations should be measured and this 
lens should accordingly be corrected before measuring the 
imaging system so that only aberrations of the latter system 
are measured An accurate and reliable method for measur- 
ing projection lens aberrations is described in U.S. Pat. No. 
6,248,486. In an article cntitied: "'Measurement of effective 
source shift using a grating-pinhole mask'*, published in 
SPIE Vol. 3679, 1999, pages 99-107 a method is described 
to measure shift of the effective source directly, without first 
measuring aberrations of the projection lens. This method 
uses a mask comprising a number of transparent areas 
wherein gratings are arranged These areas have a double 
fimction: they act as a pinhole lens and as a difBraction 
grating, which splits an incident beam in a nmnber of 
sub-beams of different difiraction orders. In the measuring 
system of the article a zero order sub-beam passes thorough 
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the centre of the projection lens pupil and four first order 
beams pass throu^ different areas at the border of the pupil. 
Each of the sub-beams has a low intensity and the results of 
the measurement are strongly dependent on the pitch of the 
grating. 

[0139] According to a further aspect of the invention the 
new method described thus far can also be adapted such that 
the measurements are not influenced by transmission defects 
of the projection lens, and this adaptatioii can be realized 
without using critical measuring elements and without loss 
of radiation eneigy. To that end a test reticle is used which 
comprises a wedgp for each of the Frcsnel zone lenses. The 
wedges have different wedge angles so that all sub-beams 
passing through them and the associated Fresnel zjone lens 
are deflected at a different angle. By illuminating this test 
reticle, each of the sub-beams forming an effective source 
image passes through another area of the projection lens 
pupil than the otha- sub-beams. The collection of these 
images thus comprises information about transmission 
defects of the projection lens, which allows correcting the 
illumination system measurement results for diese defects 
and/or making visible these defects. 

[0140] FIG. 8 shows a cross-section of an embodiment of 
a reticle comprising wedges. The reticle 80 comprises a 
substrate 82 and a number of Fresnel zone lenses 30 and 
associated reference rings 40. The surface areas 84 between 
the zone lenses and the rings are non-transpaient and may be 
formed by a chromium layer. This stractiue may also be used 
for a reticle having no wedges. FIG. 8 shows a central 
portion of the reticle so that the inclination of wedges 90, 94, 
98 at the left side is opposed to the inclination of wedges 92, 
96, 100 at the right side. In this embodiment the wedge angle 
Y of tiie wedges increases in the direction fix>m the centre to 
the border. Each wedge belongs to a different one of the 
Fresnel zone lenses so that radiation passing through a 
Fresnel zone lens has a direction, which is determined by the 
wedge angle of the associated wedge. For clamity the 
difference shown in FIG. 8 between the wedge angles Yi , Y3 
and Ys and the wedge angles Yj, Y4 ^ Ye » larger than it 
is in practice. The distance between the wedges and thus 
between the lenses is also shown larger than it is in reality. 

[0141] Alternatively the method can be enlarged with the 
additional step of measuring transmission defects of the 
projection lens before measuring the illumination systenL 
The transmission defects can be measured by illuminating 
the projection lens with a beam having a uniform radiation 
distribution. Then the radiation distribution in the image 
plane will be uruform too, provided the projection lens 
shows no transmission defects. If such defects are present, 
the radiation intensity at areas in the image plane corre- 
spondii^ to the location of the defects will be smaller than 
in the rest of the image plane. To obtain difiuse radiation, a 
separate diffiising element can be arranged above the reticle 
or the upper surface of a reticle can be made dif^sive, for 
sample by roughening it. FIG. 9 shows a test reticle 90 
comprising a transparent substrate 92 and a roughened upper 
surface 94 that can be used for measuring the projection 
lens. 

[0142] When used for measuring the performance of an 
illumination system of a lithographic projection apparatus, 
the novel method can be carried out by means of a special 
optical measuring device. FIG. 10 shows an embodiment of 



such a device 100, It comprises a substrate 102, which has 
the shape and the dimensions of a production wafer to be 
processed in the apparatus of which the illumination system 
to be measured forms part. The device, which may be called 
optical measuring wafer or sensor wafer, comprises at least 
one detector, or sensor. The embodiment of FIG. 10 com- 
prises five sensors 104-108. At least one of the sensors may 
be a single or composed detector and be used for measuring 
the illumination system. The sensors may be distributed over 
the whole wafer surface and may be arranged at different 
heights. The sensors may be provided with an amplifier to 
amplify the sensor signal before it is supplied to*a micro- 
processor 110, also arranged on the wafer. The functions of 
the microprocessor are a/o processing the sensor signals and 
controlling the sensors. The sensor wafer may also comprise 
a memory 112 for temporarily storing data, such as signal 
data. Block 114 is an input/output interface, which is con- 
nected to the microprocessor and provides for a wireless or 
wired contact with the environment. The wireless contact 
may be provided, for example, by optical means or by FM 
transmission. The interface is used for supplying data to the 
environment and/or loading a measurement program into the 
microprocessor. The sensor wafer is powered by a power 
supply 116, which may be a battery or an induction device 
for wireless reception of electric power firom the environ- 
ment. The sensor wafer comprises also two or more align- 
ment marics to align die wafer in the lithographic projection 
apparatus before measuring is started. The advantage of the 
sensor wafer is that it can be placed in and removed from the 
apparatus as a normal wafer. 

[0143] Although the invention has been clescribed at the 
hand of a lithographic projection apparatus having a pro- 
jection lens system, the invention can also be used in an 
apparatus wherein the projection system, i.e. a system for 
imaging a production mask pattem in a resist layer on top of 
a substrate, is a minor system or a system comprising 
mirrors and lenses. 

[0144] The method of the invention can be used by a 
manufacturer of an illumination system to measure and 
correct a manufactured illumination system before deliver- 
ing it. It can also be used by the manufacture of lithographic 
projection apparatuses to measure the illumination and to 
align it with the projection system. This results in an 
improved projection apparatus so that the invention is 
embodied in such apparatus. Furthermore the invention can 
be used by a manufacturer of devices, such as ICs, or light 
valve devices, like liquid crystal di^lay panels and digital 
mirror devices (DMD), or integrated and planar optical 
systems etc, to regulariy measure the illumination system of 
the projection apparatus. Such use allows more accurate 
manufacturing of such devices and thus results in better 
defined devices. The invention is thus also embodied in such 
devices. 

[0145] The fact that the invention has been described at 
the hand of measuring an illumination system for a projec- 
tion apparatus does not mean that its application is limited 
to this apphcation. The invention may be used wherever the 
aberrations of an illumination system must be measured 
independently of each other and with great accuracy and 
reliability. When using the novel method in a lithographic 
projection apparatus, however, optimum use is made of the 
fact that this apparatus is intended for fine imaging patterns 
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and that the imaging and sa^o systems of this apparatus 
may also be used for cajrying out the novel method. 

1. A method of measuring the perfonnance of an illumi- 
nation system, which comprises a radiation source and is 
used in an imaging apparatus, which method comprises the 
steps of: 

providing a test object comprising at least one Frcsncl 
zone lens; 

arranging the test object in the object plane of the imaging 

apparatus; 

imaging a test object area comprising a Fresnel zone lens 
in an image plane by means of an illumination beam 
supplied by the illuminating system and by means of 
the imaging system of the ^paratus, whereby a local 
effective source is imaged in the image plane; 

evaluating the image of the local effective source by 
means of a detection device and associated processing 
means to determine the performance of the illumination 
system, characterized in that the step of providing a test 
object con^rises providing a test object having for each 
Fresnel zone lens a reference mark and in that the step 
of imaging comprises imaging of a Fresnel zone lens 
area and the conesponding reference mark area within 
the field of view of the detection device. 

2. A method as claimed in claim 1, characterized in that 
the Fresnel zone lens area and the corresponding reference 
mark area are imaged as being superposed. 

3. A method as claimed in claim 1, characterized in that 
the reference mark is an annular mark. 

4. A method as claimed in claim 1, characterized in that 
the test object is imaged out of focus over a distance equal 
to the focal length of the Fresnel zone lens and in that the 
reference mask is imag^ at best focus condition. 

5. A method as claimed in claim 1, characterized in that 
for imaging the Fresnel zone leos an iUuminatlQii dose is 
used that is substantially higjier than the illuminatioii dose 
used for imaging the reference mazk. 

6. A method as claimed in claim 1, using a test object 
having a number of Fresnel zone lenses and associated 
reference masks, characterized in that measures are taken to 
direct radiation firom each Fresnel zone lense at a different 
angle through the pupil of the imaging system. 

7. A method as claimed in claim 1, characterized in that 
before the illumination system is measured the imaging 
system is illuminated by difliise radiation and the radiation 
distribution in its image plane is measured to detect trans- 
mission errors of the illumination system and in that the 
results of the illumination system measurement are corrected 
for the said transmission errors. 

8. A method as claimed in claim 1, characterized in that 
the step of evaluating the test object image conq>ri5es die 
sub-steps of: 

imaging the radiation source in a resist layer and devel- 
oping the resist; 

scanning the resist structure by means of a detection 
device having a higher resolution larger than the imag- 
ing system, and 

analyzing data supplied by the detection device in order to 
deteamine the types and amounts of different aberra- 
tions, which may be present in the source image. 



9. A method as claimed in claim 1, characterized in that 
the step of evaluating the test object image comprises the 
sub-steps of: 

forming an aerial image on a radiation-sensitive detector; 
scanning the aerial image, and 

analyzing data supplied by the image sensor in order to 
determine the types and amount of aberrations, which 
may be present in the source image. 

10. A method as claimed in claim 9, characterized in that 
the step of forming an aerial image comprises simulta- 
neously foiming aerial images on separate detector areas. 

11. A mediod as claimed in claim 1, for measuring the 
performance of an illumination system in a lithographic 
projection apparatus, characterized in that: 

the step of providing a test object comprises providing a 
mask comprising at least one test object, and 

the step of arranging the test object in the object plane 
comprises arranging this mask in a mask holder of the 
projection apparatus. 

12. A method as claimed in claim 11, characterized in that 
use is made of a test object, which forms part of a test mask. 

13. A method as claimed in claim 11, characterized in that 
use is made of a test object, which forms part of a production 
mask. 

14. A system for performing the method as claimed in 
claim 1, characterized in that it comprises the combination 
of: 

an apparatus of which the illumination system forms part; 

a test object having at least one Fresnel zone lens and an 
associated refoience mark; 

detection means for detecting the intensity profiles of a 
local effective source image formed by the Fresnel lens 
and of the image of the reference ring; 

an image processor, coupled to the detection means, for 
storing and analyzing observed images and comprising 
analysis means for processing information about 
observed images to detennine different kinds of aber- 
rations illumination system may show. 

15. A system as claimed in claim 14, characterized in that 
the detection means comprises a resist layer for receiving a 
local effective source image formed by the at least one 
Fresnel lens and an image of the associated reference marie 
and a scanning detection device for scanning said images 
formed and developed in the resist layer. 

16. A system as claimed in claim 15, characterized in that 
the scanning detetction device is a scanning electron micro- 
scope. 

17. A system as claimed in claim 14, characterized in that 
the detection means comprises a radiation-sensitive detector 
for receiving a source aerial image formed by the Fresnel 
zone lens and an aerial image of the refermce mark. 

18. A system as claimed in claim 17, characterized in that 
the detector is a scanning point detector. 

19. A system as claimed in claim 17, characterized in that 
the test object comprises a number of Fresnel zone lenses 
and associated reference marks, in that the detector is a 
scanning composed detector comprising a radiation-sensi- 
tive member and a number of transparent point-like areas, 
corresponding to the number of Fresnel zone lenses in the 
test object. 
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20. A system as claimed in claim 19, characterized in that 
the radiation sensitive member is a single element covering 
all transparent areas. 

21. A system as claimed in claim 19, characterized in that 
the radiation sensitive member is composed of a number of 
sub-members, which number corresponds to the number of 
transpareait areas. 

22. A system as claimed in claim 21, characterized in that 
the position of the transparent area relative to the center of 
the corresponding sub-mcmbcrs is different for the various 
transparent area/sub-member pairs. 

22. A system as claimed in claim 21, characterized in that 
the position of the transparent area relative to the center of 
the corresponding sub-members is different for the various 
transparent area/sub-member pairs. 

23. A measuring device for use with the method as 
claimed in claim 1 , characterized in that it has the shape and 
dimensions of a production substrate and comprises elec- 
tronic signal processing means, power supply means, inter- 
face means and at least one detector for detecting intensity 
profiles of a source aerial image formed by a Fresnel lens 
and an aerial image of an associated reference marie. 

24. A measuring device as claimed in claim 23, charac- 
terized in that the detector is a scanning point detector. 

25. A measuring device as claimed in claim 23, charac- 
terized in that the detector is a composed detector compris- 
ing a radiation-sensitive member and a number of transpar- 
ent poLnt-lIke areas. 

26. A measuring device as claimed in claim 25, charac- 
terized in that the radiation-sensitive member is a single 
element covering all transparent areas. 

27. A measuring device as claimed in claim 25, charac- 
terized in that the radiation sensitive member is composed of 
a number of sub-members corre^nding to the number of 
transparent areas. 

28. A measuring device as claimed in claim 25, charac- 
terized in that the position of a transparent area relative to 
the center of the corresponding sub-member is different for 
the various transparent area/sub-member pairs. 

29. A test object for use with the method as claimed in 
claim 1, characterized in that it comprises at least one 
Fresnel zone lens and an associated reference mark. 

30. A test bject as claimed in claim 29, characterized in 
that the reference mark is an annular mark. 

31. A test object as claimed in claim 29, characterized in 
that it is implemented as a test mask. 

32. A test object as claimed in claim 29, characterized in 
that it forms part of a production mask. 



33. A test object as claimed in claim 29, characterized in 
that it has an amplitude structure. 

34. A test object as claimed in claim 29, characterized in 
that it has a phase structure. 

35. A test object as claimed in claim 29, characterized in 
that it is a transmission object. 

36. A test object claimed in claim 29, characterized in that 
it is a reflective object. 

37. A process of manufacturing devices comprising 
device features in at least one substrate layer of device 
substrates, which process comprises at least one set of the 
following successive steps: 

providing a production mask pattern comprising features 
corresponding to device features to be configured in 
said layer, 

illuminating by means of a controlled illumination system 
the production mask pattern; 

imaging, by means of a projection system, the production 
mask pattem in a resist layer coated on the substrate 
and developing this layer, thereby forming a patterned 
coating corresponding to the production mask pattem; 

removing material from, or adding material to, areas of 
the substrate layer, which areas are delineated by the 
pattem of the patterned coating, said controlling of the 
Ulumination system comprising detection of aberra- 
tions of the illumination system and re^setting this 
system based on the result of the detection, character- 
ized in that the detection is performed by the method as 
claimed in claim 1 . 

38. A Uthographic projection apparatus for imaging a 
production mask pattern, present in a mask, on a substrate, 
which apparatus comprises a controlled illumination system 
for supplying a projection beam, a mask holder for accom- 
modating a mask, a substrate holder for accommodatii^ a 
substrate and a projection system arranged between the 
mask holder and the substrate holder, said controlling of the 
illumination system comprising detection of aberrations of 
the illumination system and re-setting this system based on 
the result of the detection, characterized in that the detection 
is performed by the method as claimed in claim 1. 

39. A device manufactured by the process as claimed in 
claim 37. 

40. A device manufactured by the apparatus as claimed in 
claim 38. 

* * * * ♦ 



